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Abstract 
Abstract 
Ceramic injection moulding is already established as a production technique for complex 
shaped ceramic components. However the process is limited to thin section mouldings 
generally not exceeding a wall thickness of 10 mm. The global objective of this work is 
to describe and understand the aetiology of defects which preferentially appear in thick 
injection moulded ceramics, and to find ways to overcome these problems. 
The following stages are examined mould-filling, solidification, binder removal and 
sintering. Different moulding techniques; conventional moulding, modulated pressure 
moulding, insulated sprue moulding and low hold pressure moulding were applied. 
Moulding thickness was systematically varied (15,20,25, and 35 mm. ). Hold pressures 
and times were closely controlled and found to be decisive processing parameters for 
defect creation. The use of insulated sprue moulding prevented void formation in 25 nun 
thick mouldings and the application of low and constant hold pressures (>5 MPa) led to 
a reduction of residual stresses in the mouldings. 
An intensive study was carried out on the binder removal stage in which the catalytic 
removal of the polyacetal binder enabled removal of the binder from sections of 35 nun 
thickness. The reaction and transport kinetics during binder removal were studied and 
close observations were made out on various defects which could appear during 
interrupted binder removal. 
Differential shrinkage of the ceramic components during sintering was studied and could 
be tracked back to flow-induced particle alignment during mould filling. The sintering 
behaviour of the alumina feedstock used in this study was compared with an equiaxed 
zirconia powder injection moulding suspension. 
The phenomenon of jetting in large section mouldings and the creation of spherulites 
during solidification of the polymer were found to influence moulding structure. 
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1. Introduction 
1.1 Overall project objective 
An unambiguous line of historical descent links ceramic injection moulding to polymer 
injection moulding (1872), to metal die casting (1849) and hence to the foundry 
processes of antiquity (ca 300OBC)'. Nowadays this process is well established for 
industrial mass production of complex shaped ceramic components"'. But having its 
origin in the foundry it has inherited some of the problems from its antecedents. As in all 
processes in which the molten contents of a die solidify, the change of state starts from 
the walls gradually progressing into the moulding centre. The moulding is thereby 
subjected to unsteady state heat transfer conditions and non-uniform thermal contraction. 
In ceramic injection moulding this occurs by the solidification of the polymer or wax 
based vehicle' 4 and some of the difficulties of making larger ceramic components are 
attributed to this. A further problem arising is the removal of the organic vehicle from 
thick moulded sections"'. Thus the industrial realisation of the process is still limited to 
relatively small cross sections not exceeding about 10-15 mm in thickness 6. Ceramic 
injection moulding (CM and metal injection moulding (NUM) which are subordinated 
to powder injection moulding (PIM) are broadly discussed and described in the 
literature" 6-13 . However the discussion of manufacturing problems which appear at 
increasing frequency in thicker moulded sections' 
3-6,14-18 is comparably rare. 
The global objective of this study is to discover how to make such thick ceramic 
mouldings. Thus the creation and origin of defects in large sections must be investigated 
in detail. It is known that defects in ceramic injection mouldings are not easily attributed 
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to their correct origin' 
6,14,17 
. There is controversy about causation. Defects or even 
precursors of defects may be initiated at a early stage of the manufacturing route and 
exist undetected or even undetectable in the mouldings until a critical subsequent 
processing condition initiates or magnifies them and therefore presents them as defects. 
The implication of inherent unsteady temperature and pressure decay on defect creation 
in ceramic injection moulding still veil the basic understanding of defect creation. To 
meet the main objective of this study a systematic understanding of the defect aetiology 
is required and this demands a global viewing of the entire manufacturing process. 
1.2 Ceramic processing 
Ceramics is one of the oldest technologies, with a history of about 10,000 years". It is 
defined as the art and science of making and using solid articles made of inorganic 
nonmetaHic materiaIS20 . The term "ceramic" comes from the Greek word keramikos 
21 or 
keramos 20 which means "burnt stuff' indicating that these materials are normally 
processed through a high-temperature heat treatment. This definition includes pottery, 
porcelain, refractories, structural clay products, abrasives, enamels, cements and glass 
but also nonmetallic magnetic materials, ferroelectrics, manufactured single crystals, 
carbon fibres and glass-ceran-&'O-". A major characteristic of ceramics is that they are 
brittle and fracture with little or no deformation. As a result, ceramics cannot be formed 
into shape by deformation processes. Since ceramic materials have relatively high melting 
temperatures casting is not possible or is impractical. Three basic processes have been 
developed for shaping ceramics. One is to assemble fine ceramic particles and fire them. 
The second basic process is to melt the material to form a liquid and then shape it during 
Introduction 
cooling and solidification; this is widely practised in forming glasses. The third basic 
process is cementation 
20 
, 
21. In Figure I ceramic-forming techniques are illustrated 
21 
1.2.1 Engineering ceramics and routes to their manufacture 
A division can be made, between the ceramics that have been used for centuries 
(traditional ceramics) and the modem engineering ceramics. These are of particular 
mterest because they have either unique or outstanding properties. In Table I such 
"advanced-" or "fine-ceramics" are listed giving examples of practical applications". 
Engineering ceramics are selected for temperature resistance, superior mechanical 
properties, special electrical properties, and high chemical resistivity'O. However there is 
a dispute what to include under the definition. Further, ceramic materials may be divided 
into oxide ceramics and non-oxide ceramics. Oxide ceramics have mainly ionic bonding. 
Covalent bonding, which is strongly directional, can be seen in non-oxides especially of 
sihcon". 
Closer attention should be drawn to the oxide ceramics and to alumina in particular 
which is used in this study. Alumina can be considered a typical representative of the 
group of structural ceramics". Pure oxide ceramics have been developed to a high state 
of uniformity 20 . In the composition range above 95 % alumina, the term 
"high alun-fina" is 
used in the literature. Aluminium oxide materials containing at least 99 % alumina are 
called high-purity alumina ceramics". Scientific investigations on alumina date back to 
the last century and in 1907 a patent was applied, describing the production of high 
alumina ceramic materials". Commercial production and application started in the early 
193 OS25,26. 
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Figure 1 Ceramic forming techniques. 
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Tablel. 
Materials Function 
A1203 Insulation 
Wear resistance 
Transparency 
Heat resistance 
Biochemical 
Zr02 Wear resistance 
Thermal function 
Mechanical 
Ionic conductivity 
Thermal barrier coating 
Si02 Light conductivity 
Piezo -electronics 
Biochemical 
sic 
Si3N4 
Selection of functions and practical applications of ceramics 
Insulation 
Electrical conductivity 
Semi-conductivity 
Mechanical strength 
Heat resistance 
Heat insulation 
Heat conductivity 
Nuclear materials 
Biochemical 
Corrosion resistance 
Mechanical strength 
Heat resistance 
Biochemical 
corrosion resistance 
Appfication 
Substrates for electronics 
Polishing materials 
Sodium lamp, Mantle tube 
Structural refractories 
Teeth & bone materials, 
Catalytic carriers 
Grindstones 
Heat-insulating material 
Gears 
Oxide-sensor 
Gas turbines 
Optical communication fibres 
Junctions 
Catalytic carriers 
Substrates for electronics 
Heat generator 
Varistor, lightning shunt 
Engines, heat resistors 
Various refractories 
Various heat insulators 
Substrates 
Coated nuclear fuel 
Anticorrosives 
Engines, heat resistors 
Various refractories 
Pump materials 
TiC, TiN, WC Wear resistance Cutting tools 
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Alumina ceramics were first used for spark-plug insulators and laboratory equipment. 
Nowadays electronics and mechanical engineering are the main applications (Table 1). 
Further applications with growing importance are medical applicationS23,27. 
The manufacture of engineering ceramics is normaRy carried out by powder techniques 
rather than using conventional ceramic fabrication methods. Compaction and a sintering 
without a liquid phase is mostly used. Methods like slip casting and tape casting are also 
less generally used. However methods such as dry pressing, hydrostatic moulding, hot 
pressing, extrusion, and injection moulding have proved to be successful in compacting 
the extremely fine-grained ceramic powder" 
The dry pressing technique is considered to be the most common and most economical 
compaction process for fabrication of engineering ceramics" 28 . However 
it is restricted 
to a wall thickness greater than I mm and to simple shaped components. It allows the 
manufacture of large parts with diameter up to 500 mrný'. Binders are generally add to 
the powder to improve flowability, reduce abrasion, improve bonding strength, increase 
internal lubrication, and aid external or die-wall lubrication". In the unfired stage the 
pressed bodies can be machined (green machining). Dry pressing is divided in one- or 
uni-axial pressing and in two- and three-dimentional pressing (isostatic pressing). In uni- 
axial pressing the ceramic particles are pressed at up to 200 MN/mý into a simple shaped 
metal die 23 (Figure 2). In isostatic (or hydrostatic) pressing the powder is paced in a 
rubber envelope and the pressure is applied by a fluid, isostaticaHy2 
1,23,26 (Figure 3). In 
contrast to uni-axial pressing, isostatic pressing allows the production of more 
complicated shapes but it is more time consuming and expensive" 
Introduction 15 
powder 
Figure 2 Dry pressing. 
compacted 
powder 
Hot pressing is a combination of pressing and sintering, it is well known in powder 
metallurgy and plays an important role in the densification of ceran-&-metal 
combinations'9. Regarding high alumina ceramics, hot pressing is the most expensive 
fabrication process and is therefore restricted to special applications requiring high 
23 
strength or high impact resistance . 
Figure 3 Cold iso-static pressing. 
flexible powder bag 
perforated compacted 
metal can powder 
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The extrusion of high alumina ceramics (Figure 4) is to be distinguished from the 
extrusion in the field of refractories (Hydroplastic forniing). In contrast to conventional 
ceramic materials containing minerals of higher plasticity, for example clay, the extrusion 
of pure alumina powder requires a considerable quantity of organic binder. In general 
tubes and rods with arbitrary proffles are produced by this technique". 
Figure 4 Ceramic extrusion. 
Further technologies are developed for the production of thin layers and protective 
coatings for assemble by physical vapour deposition (PVD). Zirconia thermal barrier 
coatings are made by plasma spraying. Chemical vapour deposition (CVD) is used to 
make protective reaction barriers out of alumina, silicon oxide and chrome oxide'O. 
1.3 Ceramic injection moulding 
One of the earliest reports of ceramic injection moulding was published in 1936 25 and by 
1937 alumina spark plugs were produced in large quantities 
13,31,32 (Figure 5). It may 
not becicoincidence that the historical descent of ceramic injection moulding and the 
production of fine pure alumina ceramics emerged at the same time. It was the large 
cooling heating 
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scale production of pure alumina components which required new processing techniques. 
Karl Schwartzwalder" one of the pioneers in ceramic injection moulding has stated., 
"The first new processing methods developed in the thirties were the' manufacture of 
insulators using thermosetting and thermoplastic resins as binders, and the application 
of new techniques developed by the plastics industry to form the insulators. No longer 
was processing dependent on the plasticity of clays. No longer was wet processing 
required. From this point on all compositions were prepared by dry grinding, the 
plastics being added as part of the mill charge. In the thermoplastic system the resins 
were part of the dry-milled batch, and the plasticizer was admixed to this material in a 
hot sigma mixer. The insulators were injection moulded in insulator shapes in 40-cavity 
dies. The plasticizer was removed in a dryer, and the insulators were then fired in 
continuous tunnel kilns". 
Figure 5 Ceramic spark plugs made by injection moulding (ref. 32) 
Introduction 18 
Since then various other ceramic products have been produced by injection moulding, 
ceramic cores, thread guides, electronic parts, welding nozzles, dental braces and 
brackets. However despite these examples, the market for injection moulded ceramics 
was smaH and fragmented". It was again the demand for a production method for new 
materials that initiated research projects in the early 70s. Several fabrication techniques 
for silicon nitride and dense silicon carbide components are being explored. The need of 
large quantities and high complexity of the components led to injection moulding as a 
technologically and economically feasible fabrication approach". 
Nowadays ceramic injection moulding is well established as an industrial process for 
components with small cross sections not exceeding 10-15 mm. The difficulty of making 
large ceramic sections by injection moulding has been a source of disappointment to 
ceramists who saw the process as an avenue into the scale of mass production enjoyed by 
polymer technologists'. 
1.3.1 Feedstock preparation 
Before injection moulding, the ceramic feedstock is prepared by compounding the 
ceramic powder and the organic vehicle. Figure 6 shows a selection of mixers used for 
feedstock preparation a) shear roH extruder 
33,34 
, b) two-roH miff, c) twin-screw extruder 
or d) double axis lobed mixer'. By high shear mixing operations, powder agglomerates 
are dispersed and particles are uniformly distributed into the suspension I, 
2,33,34 
. 
Inadequate or wrong feedstock preparation may provide the precursors of defects in 
mouldings. Remairling powder agglomerates or binder segregation', ', " may cause 
different prefired densities and hence diff 
1,36 
erential sintering . Wear 
between ceramic 
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particles and metallic surfaces of n-iixing or moulding equipment may lead to 
, 
37 
contamination' 
counter roll feeder 
< 
T11 T12 
Z4 
Z4z4,4 
direction of 
material transport 
TT 21 22 
a) working roll 
2Ho 
b) 
. 4J 
I "s. I 
I S. 
1" .1 S. 
sheargap 
C) d) 
Figure 6 Selection of mixer used for feedstock preparation a) shear roll extruder (ref. 
33,34), b) two-roll mill, c) twin-screw extruder and d) double axis lobed mixer 
(ref. 1). 
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Attention is also drawn to the powder loading which has a commanding influence on 
mass and heat transfer", thermal expansion", on the flow properties' and on the 
mechanical properties 40 of the injection moulding suspension and hence on the creation of 
defects in mouldings"". A sufficient powder loading is required to provide particle 
contact in the solid moulding to enable sinterability and to reach adequate sintered 
densities" 16,41,42 . High loading however reduces the fluidity of the suspension' 
2,7,43 
which 
leads to mould filling problems and may cause machine seizure' 2. The optimum binder 
44 
content is generally 102 to 115% of the void volume . 
110 
100 
90 
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Figure 7 Relative viscosity as a function of the ceramic volume fraction for a silicon 
nitride and silicon carbide composite suspension at different silicon carbide 
whisker contents (ref. 1). 
Figure 7 shows the relative viscosity as a function of the ceramic volume fraction for a 
silicon nitride and silicon carbide composite suspension at different silicon carbide 
whisker contents. Typically at 50-70 vol% powder loading the viscosity of the 
suspension increases dramatically. This illustrates the limits of the maximum powder 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 
Ceramic Volume Fraction 
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loading and it shows an effect of different powder morphologies' 45 . The use of biirnodal 
&I. 4647 
powder distributions is reported to favour maximum powder loading , and optimum 
packing depencton a wide particle size distribution and on spherical particle shapd. 
1.3.2 Mould filling 
First the solid ceramic suspension in granulate form is fed by a rotating helical screw 
(Figure 8) into a heated barrel. The suspension is sub ected to melting and to high shear j 
stresses. Low screw rotation rates are required to reduce wear contamination from the 
screw and barre137. 
Figure 8 Schematic diagram of an injection moulding machine. 
The molten suspension is then injected into a mould tool which is held at a temperature 
below the melting range of the binder. The highly loaded suspension tends to enter the 
cavity with a melt diameter close to that of the gate and with sufficient yield stress to 
resist collapse in the gravitational field. The stream tends to coil up in the cavity, possibly 
entrapping air and producing a moulding with weld- or 
k-nit-lineS2'48,49. 
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If, by comparison, an unfilled polymer is injection moulded there is usually substantial 
die-swell as the melt front emerges from the gate into the cavity and, provided the mould 
tool is well-designed, this helps to produce simple uniform filling of the cavity. The die- 
swell is a result of the recovery of axially induced molecular orientation generated by 
shear flow in the runner system and to converging streamlines at the gate where the gate 
has a smaUer diameter'O. The sweU ratio, defined as the ratio of the extrudate diameter at 
the gate exit to the gate diameter, is a function of waH shear rate, runner geometry, 
temperature and the time after leaving the gate. For unfilled polymers it can be as high 
as 2-3'0. Highly filled polymers, in contrast, show very low die swell. Among the reasons 
for this are the low volume fraction of polymer and the restriction on relaxation 
processes due to the presence of powder. 
The flow behaviour of ceramic injection moulding suspensions is characterised by shear 
and temperature dependent viscosity and melt elasticity'. Figure 9 shows flow 
characteristics of viscous fluids. In Newtonian flow the viscosity is constant and 
independent of increasing shear rate. In St. Venant flow, the viscosity is inversely 
proportional to the shear rate. In Bingham flow the material does not flow until the shear 
stress reaches a critical limit. In pseudoplastic flow, the viscosity decreases continuously 
with shear rate. In dilatant flow, the viscosity increases with shear rate. 
The flow characteristic of a powder injection moulding suspension can be analytically 
predicted". First the Ostwald-de Waele or power law equation is used to characterise 
the flow behaviour of ahinjection moulding suspension: 
, rs = Ky' 
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Figure 9 The rheological characteristics of viscous fluids (ref 7). 
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Figure 10 The significance of the power law index, n (ref 7). 
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where K, is the consistency coefficient, which is constant related to the flow 
characteristic of a real fluid, and n is the power law exponent. The power law exponent 
or shear thinning exponent5l gives a quantitative measure of how much the flow 
behaviour differs from that of a Newtonian fluid. Figure 10 shows shear stress as a 
function of shear rate for on a logarithmic scale. A Newtonian fluid gives a straight line 
with a slope of 1, a dilatant fluid the slope is greater than 1, and a pseucloplastic fluid 
gives a slope less than 1'. The decisive influence of the power law exponent on the flow 
characteristics is illustrated in Figure I Ia. The velocity profile in a circular channel as 
function of n is given" as: 
v= 
Q(3n + 1) 
-(r/a) 
(n + 1)/n] 
7ra'(n + 1) 
(2) 
where v is the fluid velocity as a function of r, the distance from the centre of the 
channel, Q the volumetric flow rate, n the shear thinning exponent from equation 1, and 
a the radius of the channel. When n is I the profile is parabolic. For decreasing values of 
n( increasing thinning), the profile displays plug flow. Moulding problems are reported 
to mcrease as the power law exponent decreases". 
However the flow characteristics of highly filled ceramic suspensions are more complex 
than as described by the powder law2. The high shear stresses in concentrated ceraMiC53 
and metal 54 suspensions lead to slip flow characteristics (Figure II b). In slip flow the 
surface velocity is > 0. In a further slip layer model" (Figure II c) a thin binder layer is 
suggested to provide a high velocity gradient at the channel surface. But all these 
statements ignore the build up of solid layers (Figure II d) during 
filling55,56. In an 
extreme case, solid state jetting is reported in metal injection moulding 57 
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cavity wall 
Velocity profiles of the melt in a circular channel, a) as a function of n 
(ref. 51,52), b) schematic diagram of slip flow (ref. 54), c) schematic diagram 
of slip layer model (ref. 54) and d) schematic diagram of solidification during 
flow (ref. 56). 
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Problems at the mould filling stage particularly appear in large cavities where they also 
appear in unfilled polymer moulding 58 . Various post-filling remedies for weld lines in 
unfilled polymer moulding are also sought'9. The die-swell ratio and the injection rate 
were found to be the main criteria distinguishing uniform mould filling and jetting but 
jetting could be extinguished by barriers near the gate 60 . Thus the gate position is one of 
the most important design decisions for moulds 61 . For an end-gated cylindrical bar cavity, 
uniform filling of polystyrene could only be attained at low injection rates; in other cases 
jetting occurred 
62 
. 
Although many fluid dynamics models for mould filling have been developed 
15,63 
most 
address the problem of simple uniform filling of the cavity. Two types of jetting in 
powder injection moulding are distinguished: conventional jetting in which a single 
stream enters the cavity to strike the opposite face and to fiH the cavity with a reverse 
flow front with coiling of the jet", or solid phase jetting in which the melt temperature is 
low enough for partial solidification of the melt before it enters the cavity and multiple 
jets appear57. 
An additional problem during mould filling may be entrapped air which may lead to 
incomplete mould filling or the adiabatic temperature rise which appears as a 
consequence of the high injection and hold pressures. This may lead to thermal 
decomposition of the polymer vehicle and hence to blister or burned areas on the 
moulding surface'. 
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1.3.3 Packing and solidification 
Figure 12 shows an exemplary PVT-diagram for polyethylene 64 . The sernicrystalline 
polymer reveals a pronounced volume contraction during crystaffisation. A set hold 
pressure is applied to compensate for this thermal contraction of the polymer melt during 
the packing and solidification stage. 
1.3 
1.2 
. Ei 
1.1 
1.0 
0.1 MPa 20 MPa 
40 MPa 
60 MPa 
100 MPa 
160 MPa 
0 50 100 150 200 250 300 
temperature /OC 
Figure 12 PVT-diagram of a semi-crystalline polymer (ref. 64). 
Many defects which may appear after injection moulding or during the succeeding binder 
removal and sintering stages are attributed to the packing and solidification of the 
ceran-ýic-polymer suspension 
6,14 
. Shrinkage voids tend to appear 
in thick ceramic 
mouldings""" and their incidence decreases as the hold pressure is increased. 
Unfortunately the use of higher pressures tends to generate a stress distribution which 
creates cracks in the mouldings. The hold pressure is applied to compensate for 
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shrinkage in the solidifying moulding" but in the case of premature gate sofidification, 
the pressure is isolated and voids are created as the solidifying melt undergoes shrinkage. 
Figure 13 shows a cavity pressure trace indicating the sprue solidification time for a5 
mm and a 3.5 mm (dia. ) sprue. Various injection moulding techniques namely; modulated 
pressure moulding 17 , 
heated sprue 16 and insulated sprue moulding4,6,1 ', have been applied 
to prolong the gate solidification and successfully prevent void fori-nation during packing 
and solidification. 
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Figure 13 Cavity pressure trace indicating the sprue solidification time for a5 mm and 
a 3.5 mm (dia. ) sprue (ref. 1). 
Inhornogeneities such as different prefired densities set up during solidification' may 
cause differential shrinkage' 
37 and consequently cracking and deformation in the 
mouldings. 
Introduction 29 
A second cause of defects set up during the packing and solidification stage is residual 
stresses. Non-uniformity set up during solidification, in particular residual stresses, are 
thought to cause cracking even though it may appear at a later stage in the 
6,15 
manufacturing route 
Residual stresses have been widely investigated particularly in the case of unfilled 
polymer moulding. Earlier theoretical work accounted for cooling-related stresses, 
assuming free quenching and predicted compression at the moulding surface and tension 
in the moulding centre with a parabolic distribution"-". The stresses are attributed to 
sequential cooling and modulus increase in successive layers and are analogous to the 
stresses set up in the quench-toughening of glass and the stress set up in large metal 
castings. Later investigations'o-" accounted for changes in the hydrostatic pressure of the 
molten core in the moulding and reported a pronounced influence on residual stresses 
and a possible reversal of the stress distribution at higher and longer holding pressures 
giving rise to tension on the moulding surface and compression in the moulding centre'O. 
The effect of pressure history on residual stresses in injection moulding in the case of 
constrained shrinkage has also been considered 75 .A large enough pressure 
in the 
moulding centre, or a geometrical barrier is assumed to restrict cooling shrinkage of the 
solid layers. The model predicts a stress distribution consisting of a small tensile zone 
near the surface, a compressive minimum, and a second tensile zone in the moulding 
centre. Ejection of the moulding too soon or gate solidification before the molten core 
solidifies results in a reduction of the surface tensile streSS16. 
Experimental studies describe the influence of various moulding conditions on residual 
stresses in polymer mouldings"-". Residual stresses are usuaUy measured by the layer 
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removal technique 8' and are in the region 2-20 NVa with compression at the moulding 
surface and tension in the moulding centre. The use of high holding pressure or long 
holding times can change this distribution. Close to the gate, the surface stresses changed 
from compression to tension at higher holding pressures'O"'. 
A study of residual stresses in particle-filled polypropylene revealed generally lower 
stresses in the fdled polypropylene compounds. Storage and ageing led to a reduction of 
residual stresses. But unlike the unfilled polypropylene, a reversal of the stress 
distribution occurred in some of the filled mouldings during storage and annealing so that 
compression prevailed at the moulding centre and tension at the moulding surface". 
Fewer investigations on residual stresses have been carried out in powder injection 
85,86 
moulding . The theoretical and experimental reports correlate with the stress 
distributions reported in polymer mouldings. Surface stresses up to nearly 4 MPa are 
reported in ceramic injection mouldings with compression at the moulding surface and 
tension at the moulding centre at a holding pressure of 108 Wa. At a lower holding 
pressure of 43 NWa the stress maximum were reduced to around 1.7 MPa and by using a 
heated sprue at a hold pressure of 43 MPa extremely narrow stress distributions not 
exceeding 0.5 MPa were measured 85 . However these stresses were measured 600 ks 
after moulding when the stress state had stabilised and do not represent the maximum 
stress developed during or immediately after moulding. 
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1.4 Binder removal 
1.4.1 Binder systems 
A wide variety of different binder systemsfor powder injection moulding are reported in 
*+Vl(t, literature'. The systems may be classified by the main component of their ingredients as 
there are a) compositions based on thermoplastic polyrners"-" b) compositions based on 
waxes or volatilizable organic compounds' 
2,93,94,96-98 
c) compositions incorporating 
thermosettings resins 99 , 
d) compositions based on water or alcohol 100 , 101 e) compositions 
based on agar and corn-based biopolymers' 
02,103 
,0 compositions wherein pyrolysis 
leaves a ceramic residue' 04 . More than one binder is often used' and additionally the 
blends contain plasticizer and processing additives to reduce the melt viscosity" 
105,106 
and 
surfactants to improve the wetting characteristics between the binder and the powder 
during mixing'. 
A further way to divide the systems is the technique or mechanism used to remove the 
organic vehicle from the mouldings. The most popular procedure is a slow heating during 
which the polymer or wax degrades and the degradation products diffuse to the free surface 
and evaporate. This process has been described quantitatively' 
11,108 
and modefled'o' for the 
principal geometries 110 , 
for various configurations of porosity development' 11,112 , 
for the 
deployment of overpressure 113,114 and PoWder bed support"'. If an oxidative gas is present, a 
surface reaction prevails and shrinking unreacted core models can be applied' 16 . Furthermore 
if a low molecular weight organic vehicle is used, capillary flow into a powder support may 
17-119 
contribute to weight loss' 
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The removal of organic matter by solvent extraction has also been used"O. Such binder 
systems are usually duplex, one species is not soluble and restricts particle mobility whilst the 
other is removed by solvent extraction". A ftirther method reported is freeze drying of water 
based binders"'. 
However the literature is not always explicit and the fonnulations are often considered 
proprietary by the company developing the technology. Most of these binder systems and 
their related binder removal processes allow only small objects to be manufactured. Thus the 
critical section size is what classifies the quality of the blends'. 
During binder removal the organic vehicle is progressively displaced from the moulded 
body by a number of mechanisms. This penultimate stage is particularly troublesome 
because of the danger of disrupting the particle assembly and introducing defects. Binder 
removal is considered to be one of the least understood' 
122,123 
and most critical fabrication 
stage in tenns of the prevention of defects""'. 
1.4.2 Defects during binder removal 
There are certain types of defect which can be unambiguously related to the binder 
removal stage. The mouldings may slump or deform as the binder reaches its softening 
point during thermal binder removal. The decomposition and boiling of the binder may 
cause cracks in the mouldings or lead to bloating' 
2,11,18,124,12'. These experiences have 
limited the use of conventional pyrolysis of wax or low molecular weight polymeric 
binder systems to small sections only"'. The emergence of a polyoxymethylene-based 
binder system for powder injection moulding 
87-89 
wl-&h is used in this study and will be 
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described in detail below has made it possible to remove the polymer vehicle from up to 
35 mm thick sections 
6. 
Various patterns of cracks appear during binder removal and some of these defects can 
be related to the injection moulding stage 6,14 "'. It is one objective of this study to identify 
defects which originate from the catalytical binder removal process and thereby to 
distinguish them from moulding-induced defects. 
1.4.3 Semicrystalline binders 
Like many thermoplastic polymers and waxes used for powder injection moulding, 
polyoxymethylene, used in the present study, is semi-crystalline and can exhibit a 
relatively high degree of crystallinity reaching values over 80 %127,128. Its structure and 
morphology are known to be sensitive to the mechanical and thermal history during 
crystallisation' 
29-132 
. The polymer crystallizes spher-ulitically 
in the form of folded-chain 
lamellae in the thickness of 10 to 16 run' 
28,131,133,134 
. It has an equilibrium melting point of 
T.. = 183 
oC134 and the glass transition temperature Tg is between -78 OC and -8 
oC135. 
Isothermal crystallisation of polyoxymethylene shows linear spherulitic growth rates and 
128,133 
the radial growth rate was found to increase with decreasing temperature 
In injection moulding however, crystallisation is subjected to pronounced temperature 
gradients and transient cooling. Higher cooling rates lead to a reduction of the absolute 
crystallinity in the mouldings. The crystallinity in polyoxymethylene is reported to change 
from 66% at a cooling rate of 0.03 'Cs-' to about 43% at a cooling rate of 3.3 'Cs-' ' 36 
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The morphology in polyoxymethylene mouldings has been observed by many 
authors 
129,131,132,137-139 
and exhibits a skin-core structure (Figure 14), upon which the melt 
and mould temperature and hence the undercooling of the melt are reported to be the 
most influential factors. The thickness of the skin layer generally increases at lower 
moulding temperatures 
13 1,132,137 
. It 
develops as the melt flows into the mould which is 
maintained at a temperature well below the melting point. In the region below the 
surface, spontaneous nucleation occurs and spherulites originate. However the 
spheruhtes are disordered due to strong thermal gradients during crystallisation. A 
morphology without any preferred orientation of the folded lamellae was found in the 
moulding centre where spontaneous nucleation in the absence of temperature gradients 
occurs. 
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Figure 14 Skin-core structure in a polyoxymethylene moulding a) 80"C mould 
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temperature and b) 120 *C mould temperature (ref. 132). 
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In non-isothermal conditions such as injection moulding, the polymer morphology is 
influenced by the hydrostatic pressure which is applied to the melt as weH as by the 
effects of undercooling. Pressure changes cause both an adiabatic rise of temperature in 
the melt and change its freezing point ...... 0. The freezing temperature of 
polyoxymethylene is reported to increase by about 0.16'CNVa-' "'. Since extended 
chains have a denser packing than folded chains, high pressure enhances the formation of 
140 crystal modifications with a packing arrangement that is as dense as possible 
The addition of low molecular weight additives has been found to influence polymer 
morphology]28,134,14 '. The spherulitic growth rate in polyoxymethylene diacetate 
(POMDA) was found to increase with the addition of low molecular weight 
polyoxyethylene (POE) 128 . The crystaHite thickness was found to be unaffected but the 
thickness of amorphous zones increased with POE concentration. Thus a rejection of the 
POE from the crystaBine phase occurred during crystaflisation. The spherulite radii grow 
linearly as a function of time but with 
CI higher additive concentration the growth rate 
decreased. This behaviour was explained by a phase separation between the solid 
POMDA and the liquid POE during crystaffisation; the melt enriched in POE causing a 
decrease in the growth rate when its concentration in the liquid phase rose above a 
certain limit. The suggestion of inter- spherulitic phase segregation of the low molecular 
weight additive was confirmed by experiments with solvents. This region tended to 
dissolve in the presence of a solvent which dissolved POE but not PON41DA. Similar 
141 
results are reported by another investigation . Impurities and 
low molecular weight 
fractions are rejected by the growing polymer crystalline phase and the concentration of 
impurity on the liquid side of the interface builds up to higher than its average value for 
the melt. Figure 15 shows inter-spherulitical defects 142 . Similar results are reported in 
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Figure 15 Optical micrographs of thin samples of poly(ethylene oxide) (ref. 142). 
solidifying polypropylene where it could be shown that growing solid polymer spherulites 
push a wave of rejected impurities ahead of the interface"'. The fracture along the 
spherulite boundary (Figure 16) was found to be preferable especially along large 
143 
spherulite boundaries at low deformation rates . It is considered that 
in two spherulite 
systems growmg at the same rate, but with different nucleation densities the low 
nucleation density system creates a thicker spherulite boundary "impurity" layer (Figure 
17). This is because in the system which creates larger spherulites more poorly 
crystallizable or uncrystallizable material segregates to the inter- spherulitic region 
144 
100 urr 
ot I 
InvestigationSI45 on the failure process in particulate filled polypropylene revealed a 
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Figure 16 Inter-spherulitic fracture surface of coarse-spherulitic polypropylene (ref. 
143). 
00 
small 
large 
Figure 17 Schematic sketch of the role of spherulite size in controlling the thickness 
of spherulite boundary "impurity" layers (ref. 144). 
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distinctive inter- spherulitical fracture (Figure 18). The addition of the silicon oxide 
particles lead to reduction of the fracture properties. This was explained by a higher 
concentration of fine particle powder (2- 25 ýtrn) along the spherulite boundaries (Figure 
19) 
Figure 18 Interspherulitic fracture surface in a polypropylene silicon oxide composite 
(ref. 145). 
Figure 19 Coarse spherulitic morphology in particulate filled polypropylene, white 
areas along the spherulite boundaries are due to the concentration of filler 
powder (ref. 145). 
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1.4.4 Polyacetal-based binder systems 
In recent years, the emergence of a polyacetal-based binder system for powder injection 
moulding has been established 
81-19,91,92 
. The main advantage of using polyacetal as a 
polymer vehicle for powder injection moulding is its mode of degradation during binder 
removal. Polyacetals are susceptible to several degradation processes which once started 
46-149 lead to chain scission ("unzipping") and depolymerization of the polymer chain' 
Polymers which undergo depolymerization are reported to have a faster degradation speed 
than randomly degrading polymers 90 . Polyacetals are susceptible to stepwise thermal 
depolymerisation starting from the chain ends, to radical, oxidative and acidolytic 
attacks 
146 , 147,149,150 and to thermal chain scission at elevated temperatures of 280-350 
oc 146. 
Figure 20 illustrates the acid-catalysed degradation mode in which the backbone of the 
chain molecule is readily cleaved by acid-catalysed hydrolysis 
146,147 
. The new 
hydroxyl 
end groups are unstable and are starting points for the unzipping of the 
polyoxymethylene chain segments 147 . 
This process leads to the degradation product 
fonnaldehyde. 
The formaldehyde molecules are reported to act as a feedback into the loop of the 
degradation mechanism through radical abstraction 14' as well as by converting to formic 
acid when the degradation product formaldehyde is oxidized 
146,147 
. Thus 
degradation 
should be auto -accelerating 
147 and this is reported to become effective at temperatures 
149 
above 160'C 
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Figure 20 Degradation mechanism of polyoxymethylene. 
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For its manufacturing and technical applications, polyacetals, need to be stabilised against 
the various modes of degradation 
149 
. Antioxidation additives are reported to retard 
oxidative attacks. Nitrogen-containing additives have been used to react with acidic 
species or with the degradation product formaldehyde to prevent its oxidation to forn-k 
acid, such as, aromatic amines, hydrazides, hyrazines, polyamides, ureas and amidines"' 
Animportant role in stability is played by the copolymerisation of trixane and ethylene 
oxide. This results in randomly distributed oxyethylene units along the polyoxymethylene 
backbone chain. The introduced -C-C- units acts as a stopper against the unzipping of 
the oxymethylene segments 
146-148 
. Further attention needs to 
be paid to the chain 
ends 
146,15 1. Acetylated homopolymers are suggested as generating acidic species from the 
acetate end groups which may cause acidolytic chain scission. Therefore the endgroups 
are depolymerised hydrolytically from the chain ends down to an oxyethylene unit, 
t 11- hereby terminating the chain with a hydroxyethoxy endgroup. 
Two types of polyacetal-based binder systems for powder injection moulding are 
Ai, *, 90-92 
reported in literature using either the thermally initiated unzipping , or acid- 
catalysed depolymerisation 
87-89 
. The'latter, which 
is used in the present study, has two 
advantages. First the depolymerisation appears in the solid state at usuaUy 110 C112 
which is far below the softening temperature (170-200 
C)153 of POM. This prevents 
Particle mobility which is evident during reheating above the melting point of the organic 
vehicles used in conventional pyrolysis'. Secondly the decomposition appears exclusively 
at the inward moving reaction interface. Thus random thermal degradation in the 
moulding typical of conventional polymers is absent. 
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Figure 21 Ceramic components made using the catalytical binder system. 
Figure 21 shows ceramic components made using the catalytical binder system 
87-89 
.A 
ftniher advantage of the system is the fast removal of the binder uhýn6 enablesthe use of a 
continuous binder removal oven. Figure 22 illustrates a ceramic injection moulding plant. 
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Figure 22 Ceramic injection moulding plant. 
1.5 Sintering 
The process of firing and densification of a body shaped from powder particles falls into 
three main classes". Sintering or solid phase sintering is the term used to describe the 
adhesion and densification of particles in the solid state. Vitrification or viscous sintering 
implies that densification takes place in the presence of a liquid phase which is the case in 
glasses, glass ceran-ks, and clays where a glassy phase develops during heating. In 
vitrification, sufficient glass is present to fill the interstices between the solid phase. If 
this criterion is not met, liquid phase sintering may nevertheless assist densification even 
though the amount of liquid is low (3-10 %). In this case the liquid phase must both wet 
and dissolve the solid leading to change and accommodation of shape of the solid phase. 
Introduction 44 
In each case there is an "internal sintering pressure" arising from the curvature of the 
surface but this may be augmented by an externaHy applied pressure in hot-pressing or 
pressure sintering when heat and pressure are apphed at the same time"' 
23,154 
The simplest case of sintering is the fusion of two glass spheres (Figure 23). Shrinkage, 
densification, and pore elimination occur at a rate determined by the initial particle size, 
the value of the surface energy and the glass viscosity. The rate of initial densification is 
linear in time, and proportional to the surface tension and inversely proportional to the 
viscosity and particle size"'. In the intermediate and final stage of sintering closed pores 
are created in a continuous matrix and the densification rate decreases. 
2 mm 1 
14 min 30 min 
Figure 23 Fusion of two glass spheres at 1000 "C (ref. 154). 
The driving force of sintering is an excess of surface energy which is reduced during 
sintering. A capillary pressure difference of typically 0.1 -I NTa is associated with the 
surface curvature where particles come into contact leads to net compressive pressure 
which is oflen sufficient to densify the material at elevated temperatures. 
23 
In the case of crystalline ceramics, such as alumina, sintering occurs in the solid state . 
In 1956, magnesia doped alumina was the first single phase crystalline ceramic to be 
min 9 min 
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sintered to theoretical density"'. The driving forces are essentially the same as for 
viscous sintering but the material transport mechanism differs' 54 . Figure 
24 illustrates the 
geometry of sintering of three spheres, showing a number of competing paths for 
material transport in solid state sintering. Evaporation-condensation and surface diffusion 
lead to neck growth and a reduction of specific surface area but not to densification since 
54 
no material is removed from the plane between the particles' . 
No. Transport Path 
Surface diffusion 
2 Lattice diffusion 
3 Vapour transport 
4 Boundary diffusion 
5 Lattice diffusion 
6 Lattice diffusion 
Source of Matter Sink of Matter 
Surface Neck 
Surface Neck 
Surface Neck 
Grain boundary Neck 
Grain boundary Neck 
Dislocations Neck 
Figure 24 Alternate paths for matter transport during the initial stage of sintering (ref. 
154). 
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Densification mechanisrm are those in which atoms from the grain boundary plane or 
from dislocations in the bulk diffise and deposit at the neck. The driving force for 
diflusion is the effective pressure gradient between the surface of the neck and the grain 
boundary plane. Vacancy diffusion is considered to be the essential step which removes 
mass from the plane between particles. In the case of alumina, the rate lin-ýiting modes 
are suggested to be grain boundary diffusion of aluminium, grain boundary diflusion of 
oxygen or lattice diff-usion of aluminium"'. 
Densification is a matter of promoting those mechanisms that lead to shrinkage over 
those that do not. The lattice self diffusion D, which promotes densification tends to 
dominate at higher temperatures (Figure 25). Surface diffusion D, and evaporation 
condensation Dgbwhich lead to coarsening dominate at lower temperatures. Thus fast 
firing promotes densification. 
Di 
-QI 
RT 
Dgb 
2p : 91 
RT 
RT 
I/T 
Ql ý" Qgb " Qs 
Figure 25 Lattice diffusion, grain boundary diffusion and surface diffusion as a 
function of reciprocal temperature (ref. 154). 
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1.5.1 Non-uniform shrinkage during sintering 
Non-uniform shrinkage during sintering may cause deformation or the loss of shape. ' It 
may even introduce cracking upon densification"'. Differential sintering might be caused 
by local differences in packing efficiency, by agglomeration or by more rapid 
154 densification near the surface caused by temperature gradients during sintering 
Deformation in some sintered ceramic mouldings indicates a relationship with flow- 
induced aligment of plate-like or anisotropically shaped powders"'. 
Flow-induced fibre alignment in injection moulding has been reported' 58,159 and 
controlled by using open-ended and double-gated modulated pressure injection moulding. 
Preferred fibre orientation was obtained in ceramic- and metal- matrix composites. 
Conventional injection moulding produced an orientated layer parallel to the flow 
direction in the subskin. area comparable to orientation patterns in polymer composite 
mouldings. By imposing a reciprocating melt-flow during solidification, the oriented area 
increased. In the remaining central area the fibres were found to be mainly perpendicular 
to the flow direction. 
Investigations 160,161 on particle orientation in alumina mouldings revealed particle 
alignment of fine near-equiaxed alumina powder with the slightly elongated axes of 
particles paraHel to the flow direction and the investigators draw attention to the 
possibility of anisotropic shrinkage during sintering caused by particle allgmuent. 
An earlier study 162 discusses the microstructure, drying- and firing- shrinkage of ball-clay 
and earthenware with reference to particle orientation, reporting greater firing- shrinkage 
perpendicular than parallel to the Ian-linar orientation. A high rate of sintering is 
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observed 163 in the direction perpendicular to the plane of silicon carbide platelets or 
whiskers and restricted sintering in the directions paraUel to them. Investigations 
164-166 
on the microstructure development during sintering of plate-like bismuth titanate powder 
reveal an influence of particle orientation on sintering rate and a preferred densification 
of particles with face-to-face contact in the initial stage of sintering. Non-uniform 
densification in plate-like alumina is reported 16' and whilst spherical alumina particles 
tend to produce a smaller average open pore size, the plate-like alumina powder created 
bigger pores located between flat planes of the particles. 
Studies 168 on the unfired microstructure of alumina powder and the relationships between 
nucrostructure and sintering behaviour reveal a strong influence of the pore-size 
distribution on the initial and intermediate stages of sintering. The sintered 
microstructure also showed the effects of initial pore-structure differences. The results 
show that different sintered densities and different microstructures can be obtained from 
the same starting powders using the same sintering schedule as a consequence solely of 
different forming techniques"'. 
Investigations 
169,170 
on the source of defects and differential shrinkage during sintering 
and the influence of particle morphology, using two different alumina powders found a 
large effect of particle shape, mould geometry and gate position on the shrinkage 
behaviour in ceramic injection mouldings and attributed the former to particle orientation 
caused during mould filling. Like the observed orientation in fiber-compo sites 
158,159 
the 
plate-like alumina particles tend to align parallel to the mould wall at the surface and to 
be perpendicular in the moulding centre. The linear shrinkage was found to be smaller 
parallel to the alignment than normal to the plates. 
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2. Experimental details 
2.1 Materials and their characterisation 
2.1.1 Materials 
The two different ceramic powders were used in this study. The alumina powder was 
grade CT 3000 SG (Alcoa Chernie GmbH, Ludwigshafen, Ger. ) being a fine pure 
alurnina with average particle size (d5o)of 0.6-0.8 ýtm and BET specific area of 6-8nýg-'. 
A scanning electron micrograph is shown in Figure 35a Section 3.1. The zirconia powder 
was grade TZ 3YS (Tosoh Corporation, Tokyo, Japan) with average particle size (d5o) 
of 0.3 gm and BET specific area of 6-7 rnýg-'. A scanning electron micrograph is shown 
in Figure 35b Section 3.1. Both powders were provided in suspensions in a powder 
in ection moulding grade of polyoxymethylene at 56 vol. % for CT 3000 SG and 47 vol. j 
% for TZ 3YS and were prepared by high shear mixing together with a processing 
additive at 3 weight % level of addition. Both ceramic injection moulding suspensions 
are commercially available: the alumina under the designation Catamold AO-F and the 
zirconia under the designation Catamold TZP-A from BASF AG, Ludwigshafen, 
Germany. The standard material which has been used mostly in this study is the alumina 
suspension and unless otherwise stated this is the suspension referred to in this script. 
2.1.2 Thermal and mechanical properties 
The PVT-data for the injection moulding suspension (Catamold AO-F) were provided by 
BASF-Aktiengesellschaft measured with a pvt-100 (Polymertechnik GmbH in Krefeld, 
Germany) at a cooling rate of 5'Cmin-1 (Figure 37, Section 3.1.2). The viscosity as a 
(iT 
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function of shear rate for the injection moulding suspension (Catamold AO-F) was 
provided by BASF-Aktiengeseflschaft (Figure 38, Section 3.1.2). The thennal 
conductivity (Table 4, Section 3.3.1) was provided by BASF-Aktiengeseflschaft and 
measured according to DIN 52612. The thermal expansion of the ceramic injection 
moulding suspension and of the ceramic powder assembly after binder removal was 
measured with a thermomechanical analyser (model TMS-I, Perkin Elmer, Bucks UK. ) 
calibrated with an aluminium standard. 
The crystallinity was measured using a Perkin-Elmer DSC-7 taking the enthalpy change 
for 100% crystalline POM as 335 Jg-' "'. The binder weight fraction and the low 
molecular processing additive fraction used for the calculation was 20.2 % and 3% 
respectively. The samples cut from injection moulded bars and the samples cooled in the 
DSC under fixed rates were aU subjected to crystaHinity measurement at a fLxed heating 
rate of I O'Crniff '. 
Fracture stress was recorded for the injection moulding suspension and the sintered 
ceranuc usmg test machines models, 4206, and 1195 (Instron, High Wycombe, Bucks, 
UK). The (4xl3xlOO mm) injection moulded bars where loaded in three point flexure 
with a span of 72.6 mm and a crosshead speed of 3.3 x 10-' ms-'. The sintered 
(3.3xlO. 8x85 mm) bars where tested at the same speed with a 40 nun span. The fracture 
stress of the ceramic powder assembly after binder removal was measured from the same 
(4xl3xlOO nim) bars in three point flexural loading with a span of 60 mm using a 
Rheornetrics Solids Analyser RSA 11 (Rheometrics, Inc. NJ. USA) having a maximum 
force of 9.8 N and a sensitivity of 9.8 mN. 
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2.2 Injection moulding procedure 
2.2.1 Injection moulding 
A Negri Bossi NB90 in ection moulding machine was used (John Brown Plastics j 
Machinery, Chesterfield, UK). The standard moulding conditions and machine settings are 
shown in Table 2. The cavity was direct-gated and equipped with a pressure transducer. 
2.2.2 Multi thickness mould tool design and construction 
A multi-thickness mould tool based on a 45x6Omm billet (Figure 26a) with a set of tool 
face plates gave thickness options of 15,20,25 and 35mm. The cavity was direct-gated 
from a 9.8 mm (min. dia. ) and 55 mm long sprue and was equipped with a pressure 
transducer. 
Table 2. Standard injection moulding settings 
Parameter Setting 
Barrel temperature profile 175-175-176-178 'C (measured at nozzle 178 ± YQ 
Mould temperature 130-150 'C (135 'C standard setting) 
Injection speed 8x 10-' M's-' 
max. Injection pressure 95 Wa 
Hold pressure 12-120 MPa (conventional injection moulder) 
5-12 NVa ( pressure reducing valve) 
I-I Wa (gas injection unit) 
Modulated pressure 40-60 Wa at a frequency of 0.8 Hz 
Screw speed 60 rpm 
Back pressure I NWa 
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a) 
conventional 
steel sprue 
insulated 
sprue 
i nsert 
b) 
Figure 26 Schematic drawing of the multi-thickness mould tool a) with conventional 
steel sprue b) with an insulated sprue gate. 
2.2.3 Insulated sprue bush design and construction 
The conventional steel sprue bush was replaceable with an insulated sprue made out of 
polyetheretherketone having a over 250 times lower thermal conductivity than steel 
(Figure 26b). 
2.2.4 Modulated pressure control 
The modulated pressure unit (Figure 27) was attached to the barrel and operated by a 
hydraulic cylinder. The modulated pressure valve was controlled by an PC through a 
driver (Conference Computer Systems, 33 Sibthorpe Drive, Sudbrooke, Lincs., UK) 
which energises Vickers double-ended solenoid valves and a proportional pressure relief 
valve on a hydraulic power source (Dassett Ltd, Daventry, Northants., UK). 
tool face plates pressure transducer 
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Figure 27 Schematic diagram of the modulated pressure unit and a schematic cavity 
pressure trace of a modulated pressure moulding. 
2.2.5 Hydraulic pressure modification 
The available pressure range (14-120 MPa) of the injection moulder was reduced by 
using a pressure reducing valve. The variable pressure reducing valve was placed before 
the injection cylinder. After mould filling at a maximum injection pressure of 95 NtPa the 
hydraulic oil flow was by-passed through a pressure reducing valve. Thereby the 
hydraulic oil pressure could be controlled down to a pressure of 0.4 MPa. The hold 
pressure calculated from the screw diameter was therefore reduced to 6 MPa. 
2.2.6 Pneumatic pressure modification 
The hold pressure was controlled by compressed gas injected into the melt channel. After 
the high injection pressure of 95 MPa during mould filling. compressed nitrogen was 
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injected into the melt channel to control hold pressure. The applied gas pressure was 
taken from a nitrogen bottled and was controlled by a gas pressure gauge shown in 
Figure 28. 
gas pressure fe-, ri- af rn rn 
gas ir 
insulated sprue 
Figure 28 Schematic drawing of the gas injection valve in the nozzle. 
A "one way" non return ball valve prevented the high injection pressures from pushing 
melt into the gas channel. The simple mechanism of the device required the replacing of 
the ball after each cycle. The resulting available hold pressures were in the range 0.05-1 
MPa being limited by the pressure range of the gauge. 
2.3 Binder removal and sintering 
2.3.1 Binder removal procedure 
The polyoxymethylene was removed by catalytic degradation in the solid state at II OOC 
in an oven (Model VT6060-MU-2 Heraeus Instruments, Hanau, Ger. ) fitted with safety 
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interlocks and an afterburner Figure 29 shows a schematic drawing. The furnace was 
supplied with oxygen-free nitrogen at 500 Vh and liquid fuming nitric acid (99.5% assay, 
ex BDH-Merck, Lutter-worth, Leics., UK) at rates up to 68 ml/h (30 mUh standard rate) 
from a metered pump (Constrakron 3, Kron-lab Sinsheim, Ger. ). Samples up to 35 mrn 
thick were catalyticaUy degraded for 190 h. 
fan 
Figure 29 Schematic drawing of the binder removal furnace. 
2.3.2 Instrumentation of the furnace 
powder 
assembly 
unreacted 
solid core 
After loading, the furnace was flooded with nitrogen at a constant rate of 500 Uh for I h. 
This was first of all to remove oxygen from the furnace atmosphere and give sufficient 
time to heat the bulk mouldings to a uniform temperature (I I O'C). Before the pump 
could be switched on to meter the liquid acid into the chamber, the safety system locked 
the furnace door. If the nitrogen flow was interrupted or the temperature of the after- 
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burner indicated the burner was off, the nitric acid pump was switched of and the furnace 
door was kept locked for one hour. During binder removal, the nitric acid and the 
nitrogen was metered into the chamber environment and there a strong fan provided 
circulation. The exhaust gases were reduced in a two-stage after-bumer which was 
placed beneath an extractor system. After binder removal when the pump was switched 
off, the chamber was flooded for one hour to remove remaining gases and the mouldings 
could then be removed from the furnace and were ready for the sintering schedule. 
2.3.3 Binder removal kinetics measurements 
The samples were cut from the mouldings to give rectangular blocks 15 x 15 x 45 nim and no 
more than one sample was inserted in the oven at a time to prevent a build up of 
fon-naldehyde or a depletion of HN03 in the oven atmosphere. At the end of each experiment 
the oven was purged with nitrogen at a flow rate greater than 2000 I/h to quench the reaction 
before removing the sample. Before and after each experiment, the pump rate was calculated 
from the weight loss of the liquid nitric acid reservoir after pumping into glassware for 30 
MM. 
The reacted layer thickness was measured by polishing a section and recording the thickness 
of the white porous layer in an optical microscope calibrated with a graticule. Measurements 
were made at ten positions to an accuracy of 0.05 nun. In some samples, this method was 
checked by measuring the initial thickness and the final thickness of the unreacted core with a 
micrometer screw gauge after removing of the reacted layer. 
To asses the chernical reaction kinetics a about 300 mm long and 50 mm diameter glass tube 
(Figure 30) was filled with the alumina feedstock and weighed. 0.5-1 g of nitric acid was 
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slowly evaporated at 100 'C and pumped together with nitrogen into the glass tube which 
was placed in the fumace at I 10 'C. After this the weight lost of the feedstock can be 
measured. N2 
HN03 
alumina feedstock 
) 
glass filter glass tube 
Figure 30 Schematic drawing of the glass tube used to asses the chemical reaction 
coefficient. 
2.3.4 Sintering procedure 
The alumina samples were sintered at 1600'C for 2 hours and the zirconia samples at 
1500'C for 2 hours. The standard temperature ramp was 2'C/min to 400 'C with aI 
hour hold at 270'C,, 5'C/min to 1500'C/1600'C with a2 hours hold and cooling at 
2'C/min to 400'C. 
2.4 Characterisation of the processing steps 
2.4.1 Mould filling 
The mould-filling behaviour for different moulding thickness was rendered visible by 
in ecting short shots. The shot size was gradually increased to show the development of j 
mould filling. To visualise mould filling (Figure 46, Section 3.2.1), the melt front was 
taken from the short shots. 
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2.4.2 Solidification 
The actual location of the solid-fiquid boundary during solidification was exposed by 
breaking through the partly solidified mouldings. To do this, the hold pressure stage was 
interrupted at various times and the mouldings were fractured. Sample removal from the 
injection moulder took about 2s whereafter the cooling rate was reduced because the 
surface heat transfer coefficient to the mould tool is about 2000 Wm -2 K-' but in still air is 
13Wm-'K-'. Subsequent fracture took about 6s. These factors mean that the boundary 
should not have moved significantly. The location of the boundary (Figure 76, Section 
3.5.2) was taken from these fractured mouldings. 
2.4.3 Binder removal 
The temperature trace in the mouldings during binder removal was recorded. Samples 
were cut from various mouldings and 0.5 mm thick PVC sheathed K-type thermocouples 
were welded by thermolamination between two samples according to Figure 31 
providing samples 30x38x45 mm and 8xl2x2O mm thick. The data logger used to read 
the temperatures in the samples and in the oven environment was a PicoLog TC-8 (Pico 
Technology Limited, Hardwick, UK. ) 
thermocouples 
weld line 
A 
PVC insulation 
surface 
centre 
Figure 31 Schematic diagram showing position of thermocouples to measure 
temperature changes during binder removal. 
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2.5 Characterisation of mouldings 
2.5.1 Radiography and Scanning electron microscopy 
The mouldings were contact radiographed using a Hewlett Packard Faxitron X-ray 
system. The SEM used in this study was a JSM 6300 (Japan Electron Optics Labs). All 
samples were gold coated. 
2.5.2 Density measurements 
The apparent and local density from the mouldings and from the samples sectioned 
according to Figure 32 were measured by using Archimedes' principle in distilled water. 
centre sample 
surface ý 
Figure 32 Sectioning plan for samples cut from mouldings to measure density at the 
moulding centre and at the surface. 
2.5.3 Residual stress measurements 
Deformation at the surface of large ceramic mouldings resulting from residual stresses 
was observed by a modified layer removal technique". Samples of 7xl2x45 mm were 
cut from the surface region of 25x45x6O mm. thick mouldings using the sectioning 
scheme shown in Figure 33. The surface opposite the mould wall and originally inside the 
moulding was carefully ground to give a reference plane (designated the reference 
surface). The samples were then partially immersed in a silicone-oil bath with the 
reference surface downwards and the bath was placed in the binder removal oven. 
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During binder removal, the polymer fraction near the exposed moulding surface was 
gradually removed to a depth of approximately 2 mm in the nitric acid containing 
atmosphere at II O'C. During this catalytic binder removal stage no external mechanical 
stresses were applied to the sample. In the next step, the residual ceramic powder layer 
left by polymer loss from the surface was removed with water. The resulting deformation 
of the sample was recorded by dial gauge at an accuracy of 0.01 mm and observed by 
illumination of the gap between a flat gauge plate and the reference surface. 
11 
Figure 33 Schematic diagram of a 25 mm thick moulding showing the section taken for 
layer removal and defining directions 11 and 12 from which the moulding 
dimensions were measured. 
2.5.4 Differential sintering 
A 12x6x45 nun bar was cut from each of a series of 25x45x6O mm thick alumina and 
zircoMa mouldings (Figure 34a). The samples were notched to give reference marks for 
the measurement of shrinkage along the z direction. The x and y directions were 
measured at the centre and the ends of the bar. One 25x45x6O mm alumina moulding 
was cut into 200 equally sized cubes to provide a map for the differential sintering 
distribution throughout the moulding (Figure 34b). To investigate the influence of the 
melt flow on differential sintering further a melt stream extruded from the nozzle was cut 
removed surface 
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into equal length cylinders of approximately 10 nun diameter and 9 mm long (Figure 
34c). The longitudinal and radial shrinkage were measured. All measurements were taken 
UsMg a digital vemier at ± 0.0 1 mm accuracy. 
12 
11 
C) 
a) 
b) 
d 
zt_ 
Figure 34 Sectioning plan for samples from which the linear shrinkage during 
sintering was measured a) bars, b) 200 cubes, c) melt extrusion. 
2.5.5 Sample preparation to display the spherulitic microstructure 
The fracture surfaces shown in Figure 113 (Section 3.10.2) is from 25 mm thick samples 
which has been notched and broken in three point bending at room temperature. The 
sample shown in Figure 118 (Section 3.10.3) was polished, covered with ink and 
afterwards cleaned with alcohol. The sample shown in Figure 119 (Section 3.10.3) was 
polished, stored in tetrahydrofuran at 50 'C for 2h and afterwards covered with ink and 
cleaned with alcohol. 
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3 Results and discussion 
3.1 Characterisation of Materials 
3.1.1 Powder morphology and microstructure 
Figure 35a shows a scanning electron micrograph of the fine alumina powder in a 
fracture surface of a moulding broken after binder removal. The alumina has a narrow 
particle size distribution; the particles are mainly submicron and angular. Some particles 
show plane surfaces and have noticeable anisotropy of shape. This observation is later 
shown to be significant Figure 35b shows a fracture surface of a zirconia moulding 
broken after binder removal. In contrast to the alumina powder, the particles are more 
spherical, having no plane surfaces and no apparent anisotropy of shape. The powder is 
finer with some larger but still sub-micron particles. 
Figure 36a shows the corresponding alumina grain structure in a fully sintered moulding. 
The moulding has been cut, polished and thermally etched. The microstructure reveals a 
fairly homogeneous grain size distribution with little development of abnormal grain 
growth. There is some evidence of preferred elongation in the grain structure but an 
unambiguous relationship to a characteristic direction in the moulding is elusive. The 
zircoma microstructure, in contrast, which is shown in Figure 36b, reveals a 
homogeneous grain size with no preferred anisotropy of shape and no preferred 
orienta ion. 
Results and discussion 63 
a) 
b) 
Figure 35 Scanning electron micrographs of a) Alcoa CT 3000 SG alumina, b) TZ 3 YS 
zirconia. 
Results and discussion 64 
a) 
b) 
Figure 36 Scanning electron micrographs of thermally etched sintered mouldings 
taken close to the moulding surface a) alumina, b) zirconia. 
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3.1.2 Physical behaviour of the injection moulding suspension 
The volumetric changes associated with solidification are described in the PVT-diagram 
which is shown in Figure 37. The crystalline polymer fraction which corresponds to 
approximately 40% of the organic phase in the alumina in ection moulding suspension j 
undergoes a pronounced volume contraction as it solidifies. The solidification 
temperature as well as the specific volume after solidification are both influenced by 
pressure. Cooling the melt from 0.1 Wa above atmospheric pressure results in a 
solidification range between 150-140'C and a solid density of 2866 kg/ný (at 50'C). At 
mapplied pressure of 100 MPa, the melt solidifies at about 160'C and reaches a density 
which is about 1.4 % higher when measured at that pressure, namely 2906 kg/mý. The 
shift in solidification temperature indicates a pressure influence on the nucleation and 
growth of the crystalline polymer fraction 
140,172 in accordance with Le Chetalier's 
principle. Practical observations have shown that no solidification occurs when the melt 
is injected into a heated mould-tool at 155'C if the holding pressure is lower than about 
10 MPa. Using a higher pressure at the same mould temperature, solidification of the 
moulding proceeds"'. This effect is responsible for the earlier solidification of mouldings 
subjected to higher holding pressures* as discussed below. 
Figure 38 shows the rheological behaviour of the alumina suspension at 180'C. In 
contrast to a pure low molecular weight liquid, which gives Newtonian flow and a flow 
behaviour index of n=1, the particle-filled melt decreases its viscosity with shear rate. 
This flow characteristic is described as pseudoplastic: 7,2 in the shear rate range 30-30OOs-' 
with a flow behaviour index of n=0.49. 
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Figure 38 Rheological behaviour of the alumina suspension. 
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Figure 39 Thermog ravi metric analysis (TGA) of the alumina suspension. 
Figure 39 shows the weight losý of the alurnina suspension during constant heating at a 
rate of 2 Ks-'. The Thennogravimetric Analysis (TGA) reveals a pronounced weight loss 
between about 250 'C and 300 'C and this is caused by thennally initiated chain scission 
of the polyoxymethylene binder which is reported to occur at temperatures between 280 
'C and 350 C 
116. 
3.1.3 Mechanical behaviour of the injection moulding suspension 
The ceramic injection moulding suspension passes through several stages during 
manufacturing. In order to understand and assess the development of cracks in this 
sequence it is helpful to know the mechanical properties and the stress at failure for the 
solidified material. 
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The maximum stresses at failure for the moulding suspension at various stages are 
summarised in Table 3. During injection moulding, the mechanical properties of the 
ceramic-polymer composite are strongly influenced by temperature. During binder 
removal, the polymer fraction undergoes a catalytical degradation resulting in a dramatic 
loss of mechanical strength. It leaves a ceramic powder layer which also incorporates a 
proprietary processing aid, present at 3 wt. %, which is not removed by the nitric acid 
containing atmosphere at II OOC. 
Whilst the solid injection moulding suspension could sustain a maximum applied stress of 
12.8 MPa, the remaining ceramic powder layer fractures at a stress of 0.75MPa. During 
sintering, the ceramic undergoes a second dramatic change in strength. The final sintered 
ceramic presents a fracture stress of 347 MPa which is a respectable value for a sintered 
injection moulded alumina. The results demonstrate the fragility of the ceramic powder 
layer and indicate why cracks preferentially develop during binder removal. 
Table 3. Flexural Strength 
Process siep Stress/ Wa 
Injection moulding suspension at 30 'C 
Injection moulding suspension at II O'C 
Powder layer after binder removal at 30 'C 
Powder layer at II O'C 
12.8 
7.2 
0.75 
0.97 
Sintered ceramic 347 
Results and discussion 69 
3.2 Mould filling 
3.2.1 Mould design and jetting 
To visualise mould filling, a series of short shots with gradually increasing shot volume 
was made. In the first experiments, the injection moulding machine nozzle had a diameter 
of 3.8 mm and fed the suspension at a temperature of 175 'C into the 9.8 mm diameter 
conventional sprue (Figure 26a). The diameter of the jet was 4.16 mm measured at 
room temperature and corrected to 175 'C using experimentally measured PVT curves 
(Figure 37) giving a die swell of only 1.1. 
i 
--I 
20 mm 
Figure 40 Sequence of short shots produced with 3.8 mm dia. nozzle and 9.8 mm 
sprue (15 mm thick moulding). 
Using an injection speed of 8x 
10-5 M3S-1 this -II j et suFv ved passage through the conical 
sprue and hit the opposite face of the 15 mm thick cavity (Figure 40a). It coiled, 
a) b) c) 
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producing an array of weld-lines and this coil collapsed to take up the sprue. The front 
end of the coil,, now probably chilled, advanced under the pressure of the advancing flow 
front (Figure 40b) to begin to take up the shape of the cavity. In Figure 40c this is almost 
completed but the front end of the chilled coil can still be seen. 
Figure 41 shows the influence of variations in injection speed on the mould filling 
behaviour. It was argued 60 that low injection rates may prevent jetting. In the present 
case,. lowering the injection rate lead to changes of the filling pattern but jetting could not 
be prevented. Since the mould filling time of the large volume mouldings would rapidly 
increase at lower filling rates a high and constant injection rate of 8x 10-' m's-' was used 
throughout the remainder of this study. The resulting mould filling times are 0.5 s, 0.7 s, 
0.8 s and 1.2 s for the 15 mm, ' 
20 mm, 25 mm. and the 35 mm thick mouldings 
respectively. 
Figure 41 Short shots made at different injection rates (15 mm thick mouldings). 
i 
4x1 0-5 M3S-1 6X1 0-5 M3S-1 20 mm 8x1 0 
-5 m3 s-i ()X, ()-5 M3S-1 
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The wall shear rate in the 3.8 mm. dia. machine nozzle was about 1.5x 1 04 s-'. After binder 
removal and sintering of these short-shot mouldings the weld lines were clearly identified 
with cracks in the final part. The high shear rate is partly the result of the low nozzle 
-3 diameter since wall shear rate is proportional to r. The nozzle was therefore machined 
to 9.6 mm just smaller than the sprue diameter (9.8 mm). This, as well as reducing the 
wall shear rate in the sprue, also reduced the likelihood of the jet failing to adhere to the 
sprue. Figure 42 shows the short shots in 15 mm thick mouldings, corresponding to the 
conditions for those in Figure 40. The main difference is that the coil diameter is larger 
but the mode of filling the cavity is very similar and the front end of the coil can still be 
seen in the same position as in Figure 40c. The shear rate in this revised nozzle during 
mould filling was 920 s-1. The entry pattern is influenced by the jet touching the angled 
adjacent wall and being deflected into the cavity. 
i 
--I 
20 mm 
Figure 42 Sequence of short shots produced with 9.6 mm dia. nozzle and 9.8 mm 
sprue (15 mrn thick mouldings). 
a) b) c) 
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To modify this flow pattern, the cavity shape was changed to allow the jet to strike a 
perpendicular opposite wall rather than being deflected by an angled adjacent wall. The 
difference is shown in Figure 43. 
iI 
20 mm b) 
Figure 43 Modification of the cavity shape to cause the jet to strike an orthagonal face 
a) modified b) original. 
This change had a pronounced effect on the mould filling pattern as deduced by short 
shots. Figure 44 shows that the pattern of mould filling is strongly influenced by the 
behaviour of the front of the jet which in this case does not deflect into the cavity but 
builds up a uniform front. Figure 44c shows an ideal example of simple uniform mould 
filling for the 15 mm cavity. The front of the coil can no longer be distinguished and any 
weld lines present earlier have healed. 
a) b) c) 
20 mm 
Figure 44 Sequence of short shots into a 15 mrn cavity with modified shape. 
i --l 
20 mm 
Figure 45 Sequence of short shots into a 25 mm thick cavity. 
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Although these interventions allowed the 15 mm thick cavity to be filled uniformly. the 
fitting of the tool face plate to produce a 25 mm cavity meant that coiling reappeared. 
Figure 45 shows that although a substantial fraction of the melt front is uniform, the 
front of the coil can still be seen. 
For a further visualisation of mould fffling, the melt front of a series of short shots with 
gradually increasing shot volume were taken and are shown in Figure 46. In the early 
stage of mould filling, the melt jets into the cavity, collides with the opposite wall and 
folds up in order to build up a melt fi7ont. A substantial fi7action of the melt fi7ont becomes 
uniform and fills the 25 min thick cavity. An asymmetric melt front becomes clearly 
visible. The melt advanced preferentially opposite the gate into the mould cavity and this 
indicates higher velocity gradients during filling opposite the gate. This will be shown 
later to influence particle alignment during mould filling and is discussed in Section 3.12. 
sprue gate 
Figure 46 Schematic profile of the melt front during mould filling. 
melt front jetting 
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Increasing moulding thickness to 35 mm increased the coiling phenomena during mould 
fifling. Figure 47 shows that despite the increased sprue diameter and modified cavity 
shape, uniform flow did not develop and these mouldings were replete with weld lines 
which appeared on the surface. 
20 mm 
Figure 47 Coiling of the melt in a 35 mm thick cavity. 
3.2.2 Weld tines 
The consequences of weld lines for the final sintered ceramic are what matters. The 
indications are that because of the high injection peak pressure (90 NlPa) f6flowed by a 
high hold pressure and the locally long cooling time, those in the centre of the moulding 
are healed and do not usually result in a defect relic after sintering. It is at the surface of 
the moulding that the deleterious effects manifest themselves. The heat transfer is 
transient so the relevant material property to compare is thermal diffusivity. It has been 
shown 38 that this can be related to ceramic volume fraction using equations which are 
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general for powder-filled polymers. At 56 vol% alumina powder the thermal diffusivitY is 
approximately 4 times higher than for the unfilled polymer. Cooling of the surface of the 
moulding is fast. The surface wall temperature for similar materials as a function of time 
has been calculated from a finite difference method using a convective boundary 
condition with various values of the surface heat transfer coefficient, h"'. Using a fine 
trapped thermocouple at the wall, h was found to be in the region of 1500 Wnf2 K-1. 
There is generally not enough time for healing to be complete at the wall and this leaves 
a fold which can act as a notch. 
The optical microscope shows a clear distinction between weld line relics in sintered 
short shots and sintered full mouldings. The latter have been subjected to the full 
injection pressure (95 Wa) and hold pressures (60 NWa). Figure 48a shows that the 
weld lines in short shots evolve into wide and long cracks. In contrast, Figure 48b 
suggests that in fully developed mouldings the weld lines heal to leave a blunt fold. The 
latter might be considered to be less detrimental to mechanical properties. However, this 
is not the case, for the scanning electron microscope reveals a fine crack which emanates 
from the fold shown in Figure 21b and proceeds for about 10 ýIrn (Figure 49). It provides 
a sharp root for crack propagation. The problem is that this fold and consequently its 
development as a critical defect, is set in place in the 0.8 s needed for the mould cavity 
(25 nim thick) to fill. While weld lines in the bulk may be ameliorated by post-fiRing 
shear displacements' 
74,175 
. the rapid sofidification at the wall may render this type of 
defect permanent. 
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b) 
2 mm 
200 ýLm 
Figure 48 Weld lines in sintered mouldings a) sintered short shot in a 25 mm cavity, b) 
surface fold in a sintered 25 mm mould which had been subjected to full 
injection pressure. 
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Figure 49 SEM micrograph of the root of the fold shown in Figure 48b. 
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3.3 Heat transfer and solidification 
AQ 
, iner the melt has fiffed the cavity, a complicated sequence of heat transfer, melt 
solidification and pressure changes take place in the mould. Voids and residual stress are 
formed during the solidification stage' 
6,14,77-8'. 
Different theoretical and experimental 
methods to calculate the heat transfer during solidification or to measure the 
solidification time of the sprue, were applied in this study. This knowledge has been used 
to optimise the injection moulding parameters as well as to describe the reasons and 
origin of defects which appear in the mouldings. 
3.3.1 Application of finite element methods 
A finite element program for infinite bars and infinite cylinders was used to calculate the 
temperature distribution during the solidification stage. A fixed convective boundary 
condition was assumed with surface heat transfer coefficient 1000 Wnf'k-'. The data 
used for this calculation are given in Table 4. The program was written for a previous 
work by Zhang 173 . It 
facilitated the calculation of the temperature changes at the surface 
and in the centre of an ffifinite bar or an infinite cylinder. First the program itself was 
tested by using an analytical method. The test with temperature charts 176 for constant 
temperature heated infinite flat plates and cylinders confirmed the calculated temperature 
distributions given by the program. 
A finite element program for infinite bars was used to describe the temperature 
distribution in the moulded body during the solidification stage. In Figure 50 the 
temperature distribution in the centre for three different bars 15 mm, 25 mm. and 35 nim 
thick and 45 mm wide are shown. 
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Figure 50 Calculated temperatures in the centre of a 45 mm wide and infinite long bars 
15 mm, 25 mm and 35 mm thick. 
These calculations can be used to predict the solidification time of the moulded bodies. 
By using a 15 mm mould at 135 'C, the moulding centre reaches its presumed 
solidification temperature of about 150 'C after 55 s. For the 25 mm moulding, the 
solidification takes 125 s and for the 35 mm moulding it takes nearly 200 s. The cooling 
rate at the centre of the bars was calculated by differentiating the temperature 
distribution with respect to the cooling time. Figure 51 shows the cooling rate in the 
centre of a 15 mm, 25 mm and a 35 mm bar by using a mould temperature of 135 'C. 
The centre of the 15 mrn moulding solidified after approximately 55s with a cooling rate 
of 20 'C/n-lin. The centre of the 25 rnm mould after approximately 125 s with 10 OC/min 
and the centre of the 35 nun mould at 7.2 'C/n-dn after 200 s. It will be shown that this 
different solidification behaviour has a pronounced influence on the morphology and 
crystalluuty in the mouldings (Section 3.10). 
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Figure 51 Calculated cooling rate in the centre of the mouldings. 
The program was also used to explore the influence of the tool temperature on heat 
transfer in the mouldings. Figure 52 shows the calculated temperature distribution in the 
centre and at the surface of a 25x45 mm thick irdinite bar. The melt temperature was 
taken as 180 'C and the tool temperatures were varied from 130 'C to 145 'C. At the 
moulding surface, the melt temperature drops rapidly and experiences initial cooling rates 
up to 3.9 'Cs- I (averaged over the first 10 s at a mould temperature of 130 'Q. In the 
centre of the 25 mm thick bars however cooling is far slower. Whilst the temperature at 
the surface reaches the mould wall temperature very rapidly the centre temperature 
remains well above the solidification temperature. 
The influence of the mould temperature on the solidification time is clearly apparent. At a 
constant mould temperature of 130 'C it takes 135 s to reach 150 'C at the centre of the 
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moulding whereas at a mould temperature of 145 'C it takes 225 s to reach the same 
temperature at the centre. 
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Figure 52 Calculated temperatures in the centre and at the surface in a 25 mm x 45 mm 
thick infinite bar during cooling as a function of time. 
Figure 53 shows the calculated cooling rate in the centre of a 25 mm thick bar for 
different mould temperatures. The mould temperature influences the cooling rate at the 
centre of the mouldings. The cooling rate reaches values up to 0.3 'Cs-' but this occurs 
well above the solidification temperature and subsequently the cooling rate decreases 
gradually. At a mould temperature of 130 'C, the cooling melt passes its presumed 
solidification temperature of 150 'C at about 0.2 'Cs-1 and at a mould temperature of 
145 OC, the cooling rate is calculated to be about 0.05 'Cs-1 as it passes 150 OC. These 
pronounced differences in thermal history throughout the moulding are shown to have a 
sicyn-ificant influence on moulding morphology. However if supercooling (discussed in L- 
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Section 3.10) of the melt is taken into account, along with the calculated cooling rates in 
the moulding centre, the solidification temperature may be reduced by about 50C at 
higher cooling rates. 
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Figure 53 Calculated cooling rate in the centre of a 25 mm x 45 mm thick infinite bar as 
a function of time for various mould temperatures. 
Further the program was used to investigate the influence of the moulding thickness on 
the temperature differences in the moulding during solidification. Figure 54 shows the 
temperature difference between the moulding surface and the moulding centre as a 
function of solidification time and for different moulding thicknesses. As in the 
calculations above,, the graph represents the temperature distribution in a 45 mm wide 
and infinitely long moulded bar. The thickness was changed from I to 25 mm. The 
injection temperature was assumed to be 180 'C and the mould tool temperature was 
135 'C. The calculations reveal a pronounced difference of the temperature distribution 
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in the mouldings during cooling. In the case of 25 mm thick sections the temperature at 
the moulding surface decreases dramatically, whilst the temperature in moulding centre 
undergoes a very slow cooling and the result is a pronounced temperature difference of 
33 'C. In thinner moulded sections this temperature difference is less pronounced and 
reaches only 12 'C in 2 mm thick sections and 5 OC in I mm thick sections. 
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Figure 53 Temperature difference in a 45 mm thick and infinite long bar calculated for 
moulding thickness from 1- 25 mm as a function of time (tool temperature 
135 OC, melt temperature 180 *C). 
A finite difference program for an infinite cylinder was used to calculate the time 
required for the solidification of the centre of the sprue. This treats the solidification of a 
cylinder of material having a diameter equivalent to the smallest end of the tapered 
conventional sprue (10 nu-n). Figure 54 shows the calculated cooling curve in the centre 
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of a 10 mrn cylinder in a mould tool at 130 'C, 135 cC and 140 OC. The melt is 
considered to solidify between 149 'C and 144 'C. This is because of the higher cooling 
rates in the sprue compared with the bulk mouldings and of the associated undercooling 
(Figure 112, Section 3.10) effect. These curves therefore predict the sprue to sofidify at 
approximately 19 s, 23 s and 31 s for mould temperatures of 130 'C, 135'C and 140 'C 
respectively and for a 10 OC /min cooling rate. The predicted freeze-off times match well 
am 
with the cavity pressure drop recorded for conventional mouldings andvShown below. 
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Figure 54 Calculated temperature in the centre of a 10 mm (dia. ) infinite cylinder. 
These calculations also reveal a problem in large section moulding; at 135 'C mould tool 
temperature for example, the sprue is calculated to be solidified after 23 s -iWe the centre 
of large 35 mm, sections remains molten for up to 200 s. The direct impfication is a 
premature pressure decay in the mouldings and hence the creation of sinking deformation 
and voids in the mouldings. 
05 10 15 20 25 30 
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The direct comparison of such calculations with experimentally obtained solidification 
times however reveals an under estimation of the solidification. Tl-ýs is because they fail 
to address the f6flowing factors. 
i) In this calculation, the enthalpy of melting was neglected. This can easily be 
included 173 and produces a small increase in solidification time. 
ii) The method neglects the forced convective flow of heat along the molten core of 
the cylinder during mould packing. This provides an additional heat source 
because the liquid flowing into the cavity to compensate for shrinkage has just 
been heated in the nozzle. 
iii) The method neglects the axial conduction of heat from the heated nozzle. The 
smallest end of the conical sprue is selected for the calculation and this is the end 
most subject to axial heat flow. In the case of insulated sprue moulding this effect 
is most pronounced (discussed in Section 3.5). 
vi) The calculations neglect the change of the heat transfer coefficient which appears 
as the moulding separateSfrom the mould tool during solidification 
173 
. 
vii) Undercooling at higher cooling rates (Figure 112, Section 3.10). 
These four factors all tend to extend solidification and are sufficient to account for the 
disparity between the calculated solidification times and the experimential obtained 
values. 
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Table 4. Data used for numerical heat transfer calculations 
Paramete Value 
-3 Density 2700 kgM 
Thermal conductivity 1.5 5 Wm7'Ký' 
Specific heat 1029 Jkg-'K I 
Radius 5 mm (infinite cylinder) 
Dimensions 45 mm wide, 15 mm-35 mm thick (infmite bar) 
Mould temperature 135 'C 
Melt temperature 175 'C 
Heat transfer coefficient 1000 wryfIK I 
3.3.2 Experimental methods of assessing the gate solidification time 
The cavity pressure as a function of time is shown in Figure 55. The hold pressure in 
these experiments was varied from 40 MPa to 100 MPa and was applied for 150 s. The 
graphs show that after the initial pressure peak which is caused by the injection pressure, 
a relatively constant cavity pressure is recorded until around 24-26 seconds after 
injection whereupon the pressure starts to drop. At high hold pressures, the inflection in 
the graphs is clear and distinct. In the time region between the injection peak and the 
pressure decay, ah-nost constant cavity pressure prevails indicating a direct connection 
between the pressure applied by the screw and the liquid core of the moulding. When the 
sprue or gate freeze off the pressure supplied to the liquid core of the sofidifyffig 
moulding is disconnected and the pressure in the isolated core decays. This method 
suggests a sprue solidification time of between 24 s an 26 s for these moulding 
conditions. 
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Figure 55 Cavity pressure trace of 15 mm thick mouldings for different hold pressures. 
The "gravimetric method" is an experimental method of assessing the gate solidification 
time which involves the production of a series of mouldings with different holding times. 
Since the solidification stage involves the progressive shrinkage of the moulding and its 
compensation by flow in the sprue and runner, the mass of the moulding is expected to 
be a function of time until the gate freezes, whereupon it should remain unchanged. In 
the case of large section mouldings where the gate system freezes before the moulding is 
completely solidified, the final moulding weight is directly influenced by the sprue 
solidification time. Figure 56 shows the moulding weight of 25 mm. thick mouldings for 
different holding times and hold pressures. During the first 40 seconds of the packing 
stage, the hold pressure leads to an increase in moulding weight after which its influence 
is negligible. The sprue solidification time of approximately 40 s indicated here seems to 
exceed the predictions revealed by other methods. 
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Figure 56 Mass of mouldings as a function of holding time for different holding 
pressures. 
The reason for this is that in the simple direct gating method used here the solidified 
sprue acts like a plunger on the partly solidified moulding. This means that the hold 
pressure still influences the final moulding weight even when the sprue is fully solidified. 
This is particularly the case at high hold pressures where the piston effect also produces 
cracking around the gate (discussed in Section 3.4). 
A further direct method can be used to estimate the sofidification time of the sprue and 
to measure the diameter of the molten core in the sprue throughout the solidification 
stage. Tl-ýs method makes use of the compressibility of the polymer melt. During 
conventional moulding, the nozzle stays abutted to the sprue until the mould is solidified. 
The ipjection-unit then travels back after the barrel has been redosed. To measure the 
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actual molten core in the sprue, this sequence was changed. The injection-unit was set to 
move backwards immediately after the hold pressure stage had finished. If the hold 
pressure time was short, the core of the sprue was still molten. By using a high hold 
pressure (80 NWa for this experiment) the melt in the centre of the moulding was still in a 
state of compression. If at this stage the carriage travels backwards and opens the sprue 
the melt expands and some material flows through the molten core out of the moulding 
where it can be seen and its diameter can be measured. Figure 57 shows this reverse 
extrusion. The diameter of the extrudate shows the actual diameter of the remaining 
molten core in the sprue. A series of different hold pressure times was used in these 
experiments. 
i -1 
10 mm 
Figure 57 Reverse extrusion from the sprue. 
Figure 58 shows the measured diameter of the molten core as a function time. With this 
relatively simple method it is possible to quantify the solidification progress of the sprue. 
influences such as temperature gradients in the mould, the pressure decay during 
solidification, undercooting, the geometry of the sprue, axial heating effects from the 
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nozzle and the effect of forced convection are all taken into account in this method. The 
graph shows a relatively uniform decay until at 20 s, a5 mm molten core is left. It takes 
only another 6s for the residual 5 mm to solidify. At 26 s after injection no flow through 
the sprue is possible. This direct experimental method agrees well with the solidification 
time deduced from the cavity pressure trace. 
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Figure 58 Measured diameter of the molten core as a function of time. 
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3.4 Conventional Moulding 
Modem injection moulding machines with fine control offer a large number of different 
adjustments for temperature, pressure, time and their sequencing. This makes a very 
large number of possible settings available. A primary aim at the beginning of the 
injection moulding experiments was to reduce this large number of variable parameters. 
A few parameters like barrel temperatures, mould temperatures, injection and 
plasticization settings were fixed on the basis of previous research done at BASF 
(Ludwigshafen). The main attention was devoted to parameters such as hold pressure 
and holding time which act during the solidification stage. 
3.4.1 Defects appearing after injection moulding 
The first conventional injection moulding experiments were to find the influence of the 
hold pressure and holding time on moulding defects in 15 mm, 25 mm and 35 mm thick 
mouldings. To work out this relationship first the hold pressure was changed over a wide 
range from 40 TV[Pa up to 120 MPa applied for 150 s. To search for defects, the moulded 
bodies were X-ray radiographed after moulding. Figures 59-61 show a selection of these 
X-ray radiographs. The prints show the influence of mould thickness and hold pressure 
on the internal defect formation in the mouldings. 
Figure 59 shows three X-ray prints of 15 mm samples injected using different hold 
pressures. In a range from 40-100 NTa no internal defects such as cracks and voids were 
detected in the 15 mm mouldings after injection moulding. But by increasing the mould 
thickness to 25 nun array of lines appeared in the moulding centre (Figure 60). The size 
and location of these defects were consistent in the hold pressure range 40-100 MPa. 
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However in the range 100-120 MPa the incidence of defects in the moulding centre 
decreased and cracks were produced. 
40 MPa 80 MPa 
Figure 59 X-ray radiographs of 15 mrn thick conventional mouldings made at 40 MPa, 
80 MPa and 100 MPa. 
40 MPa 80 MPa 120 MPa 
10 rnrn 
Figure 60 X-ray radiographs of 25 mm thick conventional mouldings made at 40 MPa, 
80 MPa and 100 MPa. 
120 MPa 
10 him 
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The 35 mm mouldings showed large voids (Figure 6 1) which were shaped like bubbles 
and located in the centre of mouldings. Their position and size was consistent throughout 
the pressure range 40-120 NTa. This apparent independence of the hold pressure on the 
void formation is explained by the effective hold pressure which acts during 
solidification. 
40 MPa 80 MPa 
Figure 61 X-ray radiographs of 35 mm thick conventional mouldings made at 40 MPa, 
80 MPa and 100 MPa. 
During solidification in conventional moulding the sprue seals the mould cavity after 
approximately 26 s as shown by the temperature calculations and the practical 
experiments in Section 3.3. Thus the hold pressure acted only for about 26 s and the 
cavity pressure dropped down after that. At that time only a thin (- 2-4 mm) solidified 
layer surround the still molten core. 
For the 15 mm mouldings this means that only a small molten core is left when the melt 
pressure starts dropping (Figure 55). This remaining molten core did not create voids 
during solidification because the residual pressure in the centre was still above 
atmospheric. For the larger mould cavities, however, a significantly larger molten COFe 0 
120 MPa 
10 mm 
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remains and pressure decays as the liquid contracts so that shrinkage voids are created 177 
It is interesting to note that the fluid dilation on changing the pressure from 100 NVa to 
0.1 MPa isothermally at 175 'C is 2% (taken from the PVT-diagram, Figure 37) while 
the thermal contraction on reducing the temperature from 175 'C to 135 OC isobarically 
at 0,1 MPa is 4,1 %. The difference of 2.1 % gives an indication of the net contraction 
undergone by the liquid as it cools and solidifies. In practice, each layer transforms in P- 
V-T space through a more complex path and under the influence of others layers. 
i 
Figure 62 Optical micrograph of a fracture surface from a 25 mm thick conventional 
moulding (60 MPa) broken after binder removal. 
The defects in the 25 mm and the 35 mm. mouldings, have different shapes and 
formations, In the 25 mm mouldings the defects appears as a array of lines located in the 
moulding centre. Closer observations has IdentIfied this defect as a gaping inter- 
spherulitic crack. Figure 62 shows the fracture surface of a 25 mm moulding broken after 
binder removal. The grainy section in the moulding centre displays the internal surface of 
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the defects visible on the X-ray radiographs (Figure 60). The smooth fracture starting 
from the moulding surface is caused by the deliberate mechanical fracture of the 
moulding after binder removal whereas the grainy section in the moulding centre was 
created during the solidification stage of the 25 mm moulding. 
Figure 63 Scanning electron micrograph taken from the grainy region displayed in 
Figure 62. 
Figure 63 shows a scanning electron micrograph taken from the grainy section of Figure 
62. During solidification, coarse spherulites of anaverage size of up to 3 80 [tm grow in 
the centre region of large mouldings. The fracture surface shown in the centre of Figure 
62 and shown in Figure 63 display an inter spherulitic fracture. In Section 3.10 the 
moulding morphology and the spheFulite creation are extensively discussed and it is 
shown that cracking in the solid mouldings appears preferentially along these inter 
spherulite boundaries. It is argued that additives and low molecular weight substances 
are rejected ftom the growing spherulites. Thus in the final stage of solidification, the 
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a 
solid spherulites are surrounded bymolten inter- spherulitical region. The incidence of 
hydrostatic tension at that stage leads to a separation between the spherulites. The 
fracture surface displayed (Figure 63) also gives evidence that the crack path advances 
into the already solid region of the moulding. 
In the 35 mm thick mouldings the defect formation is different. Large, almost spherical 
voids appear in the moulding centre. In contrast to the 25 mm mouldings, this clearly 
indicates the defect was created in the liquid stage. The defect origin is the same 
however in the 35 mm mouldings. A bigger liquid section is sealed from the applied hold 
pressure and subjected to hydrostatic tension and this leads to the creation of large voids. 
These voids however are not associated with the "array of lines" visible in the 25 mm 
moulding. This is because the creation of large voids leads to a reduction in the 
hydrostatic tension in the moulding centre and unlike the 25 mm moulding, the cavities 
are not necessary associated with inter- spherulitic cracking. 
Further the influence of holding time was investigated. It is already known that the set 
hold pressure only acts on the melt in the cavity for around 26 s and thereafter the 
pressure in the melt decays as thermal contraction occurs. However the cavity pressure 
trace shows that the hold pressure still influences the cavity pressure even if the sprue is 
solidified (Figure 64). This is because the frozen sprue acts like a plunger which pushes 
into the mould cavity. This effect explains the reduction of voidage in the 25 mm 
mouldings at higher holding pressures (Figure 60). However it is associated with the 
appearance of cracks in the mouldings. It will be shown below that this effect leads to 
additional cracking around the sprue which mainly appears after sintering. 
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Figure 64 Cavity pressure trace of 25 mm thick mouldings for different hold pressures. 
For 15 mm, thick mouldings the holding time was systematically changed in the range 
from 25-40 s. Sinking deformation was present when the hold pressure was held for less 
than 32 s. In Figure 65 the cross section of two 15mm mouldings injected with a hold 
pressure of 80 MPa applied for 28s (a) and for 40s (b) are compared. The short holding 
time caused a collapse of the mould. surface opposite the sprue and is due to failure of 
the hold pressure to restrain the solidified wall at a stage when the solid layer is at 
sufficiently high temperature to be deformable. It gives rise to an instability in which the 
skin temperature quickly rises"' because of the reduced surface heat transfer coefficient. 
The skin then remains soft and deformable and capable of fijrther sinking. 
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a) 
b) 
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Figure 65 Cross section of 15 mm mouldings made using different holding times a) 28 
s b) 40 s. 
3.4.2 Defects appearing after binder removal 
The binder was catalytically removed from the mouldings using the process parameters 
given in Section 2.3. Of interest is how the already existing defects react and if new 
defects appear during binder removal. After the binder was catalytically removed from 
the conventional mouldings, no cracks could be detected in the 15 mm thick mouldings. 
However on the surface of all 25 mm and 35 mm mouldings small cracks appeared after 
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binder removal. In Figures 66 and 67 prints of X-ray radiographs from 25 mm and 35 
mm thick mouldings before and after binder removal are compared. The crack pattern 
visible clearly maps on to the pattern in the as moulded stage. An influence of the hold 
pressure on these cracks was not found. But it reveals that only some of the small cracks 
visible on the surface are detected by X-ray radiography. 
a) 
i 
lomm 
Figure 66 X-ray radiographs of 25 mm thick conventional mouldings (60 MPa) a) before 
b) after binder removal. 
a) 
i 
lomm 
Figure 67 X-ray radiographs of 35 mm thick conventional mouldings (60 MPa) a) before 
b) after binder removal. 
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3.4.3 Defects appearing after sintering 
The influence of the hold pressure and holding time on the defect formation seems up to 
this point to be not very dramatic. However by considering the X-ray radiographs of the 
15 mm moulding after sintering, the signi-ficance of the combination of hold pressure and 
hold pressure time is demonstrated much more clearly. For mouldings made at 80 Wa, 
those with a short hold pressure time (< 32 s) presented cracks parallel to the mould wall 
after sintering (Figure 68a). In those made with a high hold pressure time (> 38 s) cracks 
appeared around the sprue (Figure 68b). Only in a narrow processing window could 
mouldings be sintered without any defects (80NMa: 32 s<t< 40 s), (Figure 68c). When 
a higher hold pressure (100 NIPa) was used, macro-defect free sintered mouldings were 
obtained at a shorter hold time of 32 s. Similarly at 120 NtPa the hold time for macro- 
defect free mouldings after sintering was reduced to 30 s. 
a) b) 
lomm 
c) 
Figure 68 X-ray radiographs of sintered 15 mm thick conventional mouldings. 
Cracks around the sprue (Figure A-) appear if the high hold pressure was applied for a 
longer time. In this case, the solidified sprue acts like a plunger which introduces local 
stress causing cracks. The parallel cracking at lower holding pressures (Figure 68q) 
however is not easy to be explamed. 
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In the progress of this study a crack pattern similar to these parallel cracks was shown to 
be created during binder removal. In that case cracks are caused by discontinuities during 
the binder removal process and are not related to holding time or pressure (Section 
3.11). These defects are not detectable on the X-ray radiographs after binder removal. 
Since all mouldings shown in Figure 68 were subjected to same binder removal process, 
all should show the typical concentric or parallel crack pattern in the sintered mouldings 
if the origin is in the binder removal stage. The following explanations are possible: i) 
First these parallel cracks are not caused during binder removal and their origin remains 
unclear, ii) all mouldings do have this cracking but it is not detected in all X-ray 
radiographs, iii) the incidence of the binder removal defects can be enhanced and 
exposed by residual stresses. After sintering the mouldings were cut and polished and no 
cracks were found which are not visible on the X-ray radiographs thus the second 
explanation is out of question. In Section 3.11 it will be shown that the incidence of 
binder removal defects is caused by temperature discontinuities during binder removal 
64- 
and this is associated with the creation of stresses at the binder interface. It may'argued 
that tlxsestresses interfere with residual stresses in the mouldings and therefore initiate a 
crack only in mouldings having higlý'residual stresses. However this is an assumption 
and it has not be proved. 
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Figure 69 Photograph of cross section from a 15 mm thick moulding made at 80 MPa 
hold pressure held for 36 s. 
The 15 mm thick mouldings that were apparently free from macroscopic defects, as 
detected by cont act radiography (Figure 68c) were then diamond sliced, and whole 
sections were polished. Optical microscopy revealed smaR internal cavities near the 
centre that were elongated along quasi-elliptical lines (Figure 69). These lines could 
correspond to the loci of the solid-liquid interface during solidification in the cavity, they 
could also be linked with contamination presumably caused by wear in the barrel. Figure 
70 shows photographs of polished sections from 25 nun thick conventional mouldings 
close to the centre. In the as-moulded stage (Figure 70a) quasi-elliptical lines are visible. 
After binder removal and sintering the same sample revealed similar quasi-elliptical 
crack formation (Figure 70b). It will be show below that the mouldings are subjected to 
pronounced differential sintering. Thus this crack morphology is suggested to be caused 
by contamination which will promote cracking during differential sintering. The 
reduction of screw rotation speed and slight changes in the barrel temperature profile 
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were found to reduce this phenomena thus in the following experiments the flow lines 
and the elliptical crack lines were eliminated. 
a) 
I 
b) 
Figure 70 Polished section of a 25 mm thick conventional moulding a) as moulded b) 
after sintering. 
i 
mrn 
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Drawing attention to the larger mouldings revealed non-homogeneous shrinkage during 
sintering. New cracks become visible in the centre region of the mouldings and already 
existing cracks develop. Figure 71 compares X-ray radiographs of a 25, mm moulding at 
each stage; after injection moulding, after binder removal and after sintering. Cracks 
inherited from the injection moulding stage seem not to grow during binder removal. 
However, independent of the already existing cracks, new cracks appear during binder 
removal which were not detected by radiography. During sintering both sorts of cracks 
are extended. These pronounced deformations visible in the mouldings are caused by 
differential sintering and are associated with the alignment of non-isotropically shaped 
as 
particles during mould filling" discussed in Section 3.12. Table 5 gives a summery of 
defects which appeared in the conventional mouldings. 
a) b) C) 
i 
lomm 
Figure 71 X-ray radiographs of a 25 mm thick conventional mouldings (120 MPa) a) as 
moulded b) after binder removal and c) sintered. 
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Table 5. Summary of defects found in conventional mouldings 
hPlIdd press lai Ra holdiniz time /s after mouldin after sinteriniz 
thickness = 15 mm 
80 30 sinking cracks 
80 32 sinking cracks 
80 36 none none 
80 38 none none 
80 40 none cracks (sprue) 
100 32 none none 
100 34 none cracks (sprue) 
100 36 none cracks 
120 30 none none 
120 32 none cracks 
thickness 25 mm 
40 150 voids 
60 150 voids 
80 150 voids/cracks 
100 150 cracks 
120 150 cracks 
thickness 35 mm 
40 150 voids 
60 150 voids 
80 150 voids 
100 150 voids 
120 150 voids/cracks 
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3.5 Insulated sprue moulding 
The premature gate solidification in conventional mouldings called for a method to 
prolong the solidification time of the sprue. An insulated sprue was designed and 
machined out of an unfilled polyetheretherketone (PEEK) which has a thermal 
conductivity of 0.24 WK'm-' "' and this is about 200 times lower than steel. Thus the 
heat transport from the melt is significantly reduced and hence the solidification time of 
the sprue is extended. 
3.5.1 Insulated sprue design 
In Figure 72, a conventional sprue bush, the prototype of the insulated sprue and the 
final version of the insulated sprue developed during this study are compared. The 
conventional metal sprue (Figure 72a) was 55 mm long with a 10 nun diameter at the 
nozzle and a 14 nun gate diameter. The first Prototype version of an insulated sprue bush 
exclusively made out of polyetheretherketone is shown in Figure 72b. The length was 
shortened in order to increase the axial heat flow from the heated nozzle to 12 mm. The 
diameter at the nozzle was 10 mm. and the gate diameter was 12 mm. This intervention 
had a significant influence on the sprue solidification time. Thus the solidification of the 
sprue could be extended about 6 times from 26 s in conventional moulding to about 150s 
in insulated sprue moulding as seen on the cavity pressure trace in Figure 73. 
However during binder removal, a circular crack developed in the insulated sprue 
mouldings (Figure 74). This crack appeared exactly along the polyetheretherketone 
insert which partly covers the mould cavity surface (Figure 72b). This cracking is caused 
by residual stresses set by the stepwise change of the different heat transfer conditions on 
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1 
Figure 72 Schematic diagram of a) conventional steel sprue bushes b) prototype 
insulated sprue and c) final version of the insulated sprue. 
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Ck ý% 
the moulding surface. Thus the moulding surface layers were subjected to abrupt change 
in cooling rate. This unintended experiment first reveals the creation of residual stresses 
caused by dissimilar heat transfer conditions between the moulding surface and the 
mould tool and it displays the sensitivity of the binder removal process to tlxseresidual 
stresses which wifl be discussed in Section 3.9. 
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Figure 73 Cavity pressure trace of 25 mm thick mouldings, using a conventional steel 
sprue, the prototype of an insulated sprue made of polyetheretherketone 
and the final version of a insulated sprue. 
To prevent this stepwise change of the heat transfer along the moulding surface the insert 
design was changed a6 is displayed in Figure 72c. Mouldings made with this insulated 
sprue type did not developed a crack along the insert. At the same time as the design 
was finalised the sprue was shortened to 10 mm and stightly widened to 13 mm at the 
nozzle and 16 mm. at the gate. Tl-ýs fine tuning resulted in sufficient heat flow from the 
heated nozzle to keep the sprue molten, as long as the nozzle stays in contact with the 
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Polyetheretherketone sprue. Thus the function of tj-ýs simple and efficlent device 
becomes similar to a heated sprue bush. The cavity pressure trace shown in Figure 73 
indicates a further prolongation of the pressure decay in the moulding. 
i1 
lomm 
Figure 74 Circular cracking along the polyetheretherketone sprue insert of a insulated 
sprue moulding after binder removal. 
3.5.2 Solidification of insulated sprue mouldings 
To explore solidification in insulated sprue mouldings and to visualise the location of the 
solid-liquid interface during solidification, the injection moulding cycle was interrupted at 
various holding times and the mouldings were broken through their centres. Figures 75a 
and 75b show such 25 nun thick mouldings injected at a hold pressure of 60 MPa and 
broken after 180 s and 300 s respectively. The remaining molten core is clearly visible on 
the fracture surface. The solid-liquid boundary location was deduced from the fractured 
mouldings and the composite diagram was assembled in Figures 76a and 76b for applied 
hold pressures of 12 N41Pa and 60 MPa respectively. At a hold pressure of 12 N/fPa the 
gate was found to be cut off from the molten core after approximately 300 s and at a 
hold pressure of 60 NIPa the core was separated from the applied hold pressure after 
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a) 
20 mm 
b) 
Figure TE.; Molten core in 25 mm thick insulated sprue mouldings opened after a)180 s 
and b) 300 s. 
approximately 240 s. Interestingly, this disconnection did not occur at the gate as it does 
in conventional moulding but some 2-3 mm into the bulk. This experimental observation 
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suggests a limitation of insulated and heated sprue moulding for large moulded sections. 
In both cases, the sprue gate stays molten during solidification of the moulding. In a 
commercial hot runner system it is controlled by heating elements and in the present case 
of insulated sprue moulding by the axial heat flow from the heated nozzle. This supplies 
sufficient heat to keep the sprue molten as long as the carriage is forward and the heated 
nozzle stays in contact with the sprue (Figure 72 c). However during solidification, a-6 
mm thick section in the moulding centre is sealed from the applied hold pressure (Figure 
75b). Thus the maximum moulding section thickness for which the entire moulding is 
effectively subjected to the applied hold pressure is limited to thicknesses smaller than 
111% about 25 mm. 
The solidification time for the whole moulding was found to be around 420 s at a hold 
pressure of 12 MPa and around 360 s at 60 Wa. This influence of the hold pressure on 
the solidification time is also reflected in the PVT-diagram and will be discussed in 
Section 3.10. The finite element program discussed in Section 3.3.1 however gave a 
solidification time of 125 s for a 24 mm x 45 mrn inýte bar made at comparable 
moulding conditions. The experimental results clearly suggest a much longer 
solidification time. While such calculations are suitable for conventional moulding, there 
are aspects of hot runner and insulated sprue moulding methods that produce serious 
4tvc 
inaccuracies. The method of calculation does not take account o Cunder-coo ling or the 
influence of pressure on solidification temperature. Furthermore in the present case of 
insulated sprue moulding, there is a significant heat flux from the heated nozzle of the 
machine to the moulding which is not accounted for in the program. 
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b) 
Figure 76 Schematic diagram of the solid-liquid interface position during solidification 
of insulated sprue mouldings deduced from fracture surfaces as shown in 
Figure 75 for a) a hold pressure of 12 MPa and b) a hold pressure of 60 MPa. 
3.5.3 Defects appearing after injection moulding 
The prolongation of the effective holding time in insulated sprue moulding lead to a 
reduction of the void creation in large section mouldings. Figure 77 shows radiographs 
of insulated sprue mouldings compared to conventional mouldings, injected with a hold 
pressure of 80 N/tPa. In the 25 nun conventional mouldings, the voids are extensive in the 
centre region but in the same size mouldings made with the insulated sprue, voids cannot 
be detected. However the prolonging of the sprue solidification time seems to be 
insufficient for the 35 mm mouldings because a fine array of voids still appears in the 
Results and discussion 114 
centre of the moulding. But the void size is clearly reduced compared to the conventional 
mouldings. No cracks were detected after injection moulding. 
25 mm 
35 mm 
ii 
10 mm b) 
Figure 77 X-ray radiographs showing the defect formation in large section mouldings 
in a) insulated sprue mouldings and b) conventional mouldings. 
3.5A Defects appearing after binder removal 
For a series of 15 nu-n, 20 mm, 25 mm, and 35 mm thick insulated sprue mouldings made 
at a applied pressure from 12 MPa up to 100 MPa the binder was catalytically removed. 
During binder removal a characteristic crack pattern appeared in the mouldings and was 
found to be most pronounced at high holding pressures. Figures 78 and 79 show 
mouldings injected at 100 NTa by using an insulated sprue after the binder was removed. 
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These cracks always appear at a 45' angle relative to the moulding walls. The cracks 
could not be found in the as-moulded state; they appear during binder removal. 
Interrupting the binder removal process after a thin binder-free layer was created (layer 
thickness about 2 mm. in 15 mm. mouldings) shows that the cracks have already appeared 
in this very early stage of the binder removal process. 
20 mm 
Figure 78 450 cracking in an insulated sprue moulding after binder removal (35 mm 
thickness, hold pressure 100 MPa). 
An important observation is that the cracking always starts in the moulding corners and 
even in mouldings which were cut after injection moulding the same cracking appears 
during binder removal but this time starting from the new corners of the sample surface 
(Figure 79). This characteristic cracking was found to be caused by 
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tensile residual stresses on the moulding surfaces of insulated sprue mouldings made at 
, 't high holding pressures. In the following section wifl be shown that low and constant 
applied hold pressures lead to a reduction of residual stresses in the insulated sprue 
mouldings and this 45' cracking could be prevented. 
i 
--i 
10 mm 
Figure 79 450 cracking in an insulated sprue moulding after binder removal from this 
moulding a slice was cut after moulding (35 mm thickness, hold pressure 
100 MPa). 
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3.6 Low hold pressure insulated sprue moulding 
3.6.1 Design of low hold pressure devices 
So far the hold pressureiii-ad ranged from 12-120 NWa and was thereby lirnited by the 
available pressure range of the injection moulder. In order to achieve lower hold 
pressures, the injection unit was equipped with a variable pressure reducing valve. By 
using a switched by-pass circuit, the hydraulic oil pressure acting on the screw during 
injection could be maintained at the high value (max. 140 Wa) needed to fill complex 
cavities but during the holding pressure stage could be reduced down to about 0.4 MPa 
which results in a calculated melt pressure of about 5 NWa (Figure 80). 
insulated sprue 
hydraulic oil 
nro-a, mirt, 
melt pressure 
Figure 80 Schematic drawing of the injection moulding machine used, showing the 
insulated sprue insert and the positions at which melt pressure and 
hydraulic oil pressure are controlled. 
During the experimental application of these low hold pressures -5 MPa a slip and 
stick effect appeared between barrel and screw. This was sensitive to the barrel 
temperature which of course influenced the melt viscosity and hence the overall friction 
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between barrel and screw. At low hydraulic pressure (0.4 MPa) the screw started to stick 
and slip; an effect encountered when the static friction coefficient is higher than the 
dynamic friction coefficient. This impedes the screw movement and the pressure 
transmission stopped during the packing stage so that the pressure seen by the cavity was 
irregular. 
Thus a new technique for achieving fme control of low hold pressures was designed. 
Figure 81 shows the pneumatic pressure unit which was adapted to the nozzle. The unit, 
which was designed to work for experimental purposes only is a prototype and is simple 
and functional. After the high injection pressure If applied during mould filling, compressed 
nitrogen was injected into the melt channel to take over hold pressure control. The 
applied gas pressure was derived from a nitrogen bottle and was controlled by a pressure 
reducing gauge. A "one way" non-retum ball valve prevented the high injection pressure 
which is needed during mould filling from pushing melt into the gas channel. The simple 
mechanism of the device required replacing the ball after each cycle. This method had 
several advantages. It allows a simple change-over in anexperimental. rig that involved 
minimum machine changes and a direct pressure control on the melt in the nozzle 
without the slip-stick effect produced by the hydraulic control of screw travel. The close 
location to the moulding reduced the pressure loss due to friction in the melt and the 
sprue. Thus low pressures in a range from 0.1-1 MPa could be controlled. The high 
pressure end (I MPa) was limited by the pressure range of the gauge and by safety 
aspects. 
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gas injection valve 
gas pressure force from hydraulic 
insulated sprue melt pressure 
Figure 81 Schematic drawing of the gas injection valve in the nozzle. 
3.6.2 Defects appearing after injection moulding 
Insulated sprue mouldings 15 mm, 20 mm and 25 mm thick were produced over a wide 
hold pressure range from 100 NWa down to 0.1 NWa. In the pressure range from 100 
NWa to 12 MPa the conventional valve arrangement on the injection moulding machine 
was used. From 12 NWa to about 5 NWa an electricafly switched by-pass pressure 
reducing valve was used and from I Wa to 0.1 NVa the gas injection method (Figure 
1) was used. 
It is remarkable that these large low hold pressure mouldings shrink during solidification 
without the creation of voids, pronounced sinking marks or deformation which were 
tound in mouldings injected without an applied hold pressure or in conventional 
mouldings which are subjected to early pressure decay during solidification (Section 
3.4.1). 
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3.6.3 Defects appearing after binder removal 
The observation of these mouldings after binder removal revealed a clear production 
window at low holding pressures. Insulated sprue mouldings 15 mn-4 20 mm and 25 mm 
thick which were subjected to a constant applied hold pressure in a pressure range from 
0.1 MPa to I Wa developed no cracks during binder removal whilst mouldings of the 
same sizes 6ut produced at higher holding pressures, subjected to the same binder 
removal run, did develop cracks during binder removal which became visible at the 
moulding surface. All these mouldings were produced at the same injection moulding 
settings with the exception of the applied hold pressure. The sectioning of some 
mouldings in the as moulded stage as well as the fracture surfaces from mouldings 
broken after binder removal or sintering revealed no macroscopic voids even if a hold 
pressure as low as 0.1 MPa was used. Mouldings 20 mm and 25 mm in thickness made 
without an applied hold pressure however did. Only three out of 26 mouldings produced 
by the pneumatic method of those in the 0.1-1 MPa window developed cracks during 
binder removal, while none of the mouldings made by using a higher hold pressure (5-100 
TV[Pa) survived binder removal without cracking. 
In respect of the practical application of powder injection moulding these results offer 
some guidance for the preparation of large section mouldings. It will be shown in Section 
3.9 on residual stresses that restricted shrinkage in such thick mouldings influences the 
development of stresses. At low holding pressure, the surface solid layer is able to 
contract during cooling and this is found to reduce tensile stresses at the moulding 
surface. At higher holding pressures the shrinkage of the surface layers is restricted and 
tensile stresses are created. The cracking resulting from the stress appeared during binder 
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removal. As described above the crack pattern in mouldings made at higher pressures 
revealed 45' cracks as shown in Figure 78 and Figure 79. 
Some mouldings were fractured after binder removal but before sintering and they 
revealed a sound and smooth fracture surface (Figure 82). 
lomm 
Figure 82 Fracture surface of a sound 20 mm thick moulding (0.5 MPa) broken after 
binder removal. 
3.6.4 Defects appearing after sintering 
All those mouldings developed cracks during the sintering schedule. Cracks tend to 
appear diagonally across the mouldings (Figure 83a) or across the moulding centre 
(Figure 83b). In many cases the crack went all through the moulding thus only small 
areas at the moulding surface hold the fracture together. 
To investigate this cracking, two sound 20 mm thick low hold pressure mouldings made 
at 0.5 NTa were subjected to stepwise heating during sintering. One of these 
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mouldings was broken in half before sintering. During the sintenng schedule the 
mouldings were slowly (2 'Crnin-') heated up to 270 T and held for I h. At this dwell 
additives (3 weight %) which are not removed by the binder removal process are 
pyrolysed from the mouldings. Inspection of the moulding at this stage however did not 
reveal signs of cracking. 
a) 
b) 
i1 
lomm 
Figure 83 Crack pattern in the sintered mouldings a) 15 mm thick mouldings b) 20 mm 
and 25 mm thick mouldings. 
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The subsequent stepwise heating and visual inspection did reveal the appearance of 
cracks in these mouldings. In the sectioned moulding a crack appeared in the moulding 
centre at 1100 'C and at 1250 'C a crack become visible on the surface of the complete 
moulding. The location of the cracking in the sectioned moulding was identical to the 
crack location in the complete mouldings (Figure 83b). At this temperature, densification 
of the alumina powder had just been initiated and the mouldings had shrunk by about 4.5 
% from their moulded size. 
Defects which were identified after sintering generaUy presented a similar pattern to that 
w. c appear on the fracture surface of mouldings from which the binder was removed. 
In this case the fracture surface (Figure 82) did not indicate the existence of a crack in 
the powder assembly. In Sections 3.12 a pronounced effect of differential sintering is 
discussed and is attributed to flow-induced alignment of non-uniform shaped particles. 
Differential sintering was shown to cause the loss of moulding shape and a pronounced 
widening of pre-existing defects in conventional mouldings (Section 3.4.3). It is believed 
that this effect enhanced the crack growth during sintering. However differential 
sintering cannot unambiguously be identified as the reason for the cracking since the pre- 
existence of a defect on a n-dcroscopic scale can not be excluded. 
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3.7 Modulated pressure moulding 
U. ý. -24 Modulated pressure moulding is one of several methods'ý to prolong the sprue 
solidification time. An oscillating hold pressure causes reciprocating flow in the sprue 
and keeps the sprue molten by heat dissipated in viscous flow and heat transferred by 
forced convection from the heated nozzle". 
3.7.1 Solidification time during modulated pressure moulding 
In conventional moulding, the solidification time of the moulding depends on the shape 
and size of the moulding, the mould and melt temperature and thermal behaviour of the 
moulding suspension. During solidification, heat travels out of the moulding into the die. 
In the case of modulated pressure moulding, the reciprocating flow in the melt produces 
heat in the moulding and runner system and therefore prolongs the solidification time of 
the moulding and runner. This heat source depends on the pressure amplitude and 
frequency. The pressure amplitude is controlled by a set high pressure value of the 
pressure modulation unit (Figure 27) which is super-imposed on the hold pressure. The 
hold pressure is held low (12 MPa) to achieve a high amplitude. The frequency is 
controfled by the compression and the decompression time of the pressure peak. The 
modulation time is defined as the time in which the amplitude of the modulated pressure 
is visible on the cavity pressure trace (Figure 84). In this case the sprue is molten and the 
moulding is "afive". The frequency f is defined 
by(tc+td)-Iwere t, is the compression time 
andtd is the decompression time of the pressure peak. 
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Figure 84 Cavity pressure traces for 25 mm thick modulated pressure mouldings. 
Results and discussion 126 
First the influence of the pressure amplitude and the frequency on the solidification time 
of the mouldings was investigated. Figure 85 shows the solidification time plotted against 
the compression pressure. A frequency of 0.8 Hz and a mould temperature of 140 'C 
were used. The graph reflects the balance of heat transport in the moulding. With 
increasing compression pressure, the heat source in the moulding and runner is increased. 
If the thermal energy created by the reciprocating flow of the melt approaches the heat 
loss,, the solidification time increases rapidly until the moulding stays "alive" indefinitely. 
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Figure 85 Influence of the compression pressure on the modulation time. 
65 
For larger mouldings, a lower compression pressure is necessary to reach the same 
solidification time. This is because the larger volume facilitates a higher reciprocating 
volume in the sprue and because the molten core in thicker sections is insulated by a 
thicker solid layer that reduces the heat flow out of the moulding. 
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Figure 86 shows the influence of frequency on the solidification time. The apphed 
compression pressure was 40 NfPa and the mould temperature was 140 'C. The 
influence of the frequency on the modulation time increases rapidly initially but decreases 
at higher frequencies. This is because a higher frequency decreases the cavity pressure 
amplitude. In this case, the compression stroke changes to decompression before the 
cavity pressure reaches its maximum. The result is a lower pressure amplitude in the 
moulding which causes less thermal energy to be dissipated. Conversely at very low 
frequencies time is wasted at the top and bottom of each stroke. 
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Figure 86 Influence of the frequency on the modulation time. 
25 30 
The sensitivity of the solidification time to the mould temperature is shown in Figure 87. 
In the case of a higher mould temperature, thermal energy is transferred out 
of the moulding at a lower rate. If the solidification time is already high and the energy 
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created in the moulding is close to the energy loss into the mould, a mould temperature 
change has a pronounced effect on the sofidification time. 
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Figure 87 Influence of mould temperature on modulation time. 
3.7.2 Effect of pressure modulation on moulding defects 
55 60 
In conventional moulding, all 25 mm. and 35 mm mouldings showed internal defects after 
injection moulding. Using modulated pressure clearly shows the influence of pressure 
modulation on voiding in large section mouldings. Figures 88a and 88b demonstrate the 
influence of the solidification time on the formation of voids within the mouldings for 25 
mm and 35 mm thick mouldings respectively. The frequency was 0.8 Hz, the mould 
temperature was 140 'C and the compression pressure varied from 40 NWa to 60 NWa. 
xlooo, 
ý 130 'C 
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40 MPa, 50 s modulation time 
45 MPa, 150 s modulation time 
a) 
lomm 
b) 
Figure 88 X-ray radiographs of modulated pressure mouldings made at different 
pressure amplitudes a) 25 mm and b) 35 mm. 
50 MPa, 100 s modulation time 
40 MPa, 70 s modulation time 
55 MPa, 170 s modulation time 50 MPa, 280 s modulation time 
55 MPa, 440 s modulation time 60 MPa, 270 s modulation time 
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In the case of the 25 mrn mouldings, the incidence of voids decreased with an increasing 
modulation time and above 270 s no voids could be detected by radiography. The 35 mm 
mouldings need to be kept "alive" for over 350 s before the internal voids disappear. To 
create this minimum solidification time a compression pressure of 50 MPa needs to be 
applied for the 35 nim mouldings and 60 MPa for the 25 mm mouldings (when using a 
frequency of 0.8 Hz). These minimum solidification times, which are simply defined by 
the disappearance of voiding detected on the radiograph, shows the prolongation of the 
solidification time and can be compared to the calculated solidification time for 
conventional mouldings (Section 3.3). where the 25 mm mouldings are solidified after 
125 s and the 35 mm moulding are solidified after 200 s. 
Further experiments with different frequencies show that for widely different 
combinations of compression pressure and frequency, only the solidification time is 
significant for the incidence of void formation in the mouldings. If the solidification time 
was longer than 270 s for the 25mm mouldings no voids were detected by radiography 
and above 350 s the voids disappeared for the 35 mm mouldings. Tlxsexesults are in good 
agreement with observations in conventional and insulated sprue moulding. In 25 mm 
thick mouldings made with an effective hold pressure applied for 240 s no voids 
appeared on X-ray radiographs but for the 35 mm thick mouldings voids could be 
detected. 
3.7.3 Defects appearirl after binder removal 
After the binder was removed all mouldings were radiographed again. Two radiographs 
are shown as examples in Figure 89 in which the mouldings are compared before and 
after binder removal. No internal defects were detected by radiography after binder 
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removal. Nevertheless cracks appeared on the surface. The cracks are similar to the 
cracks found on the surface of conventional mouldings after binder removal. 
lomm 
Figure 89 Modulated pressure mouldings before (left) and after (right) binder removal. 
The breaking of samples after the binder was removed is quite instructive. Figures 90-92 
show fracture surfaces of 35 mm mouldings injected with modulated pressure. The 
structure appearing at this stage looks like onion rings. The rings near to the surface are 
2-3 min thick and become thinner toward the centre of the moulding (Figure 90). After 
breaking off the sound outer layer, an inner core remains resembling a bubble which is 
connected to the remains of the sprue-gate (Figure 91). 
A series of mouldings injected by using a modulated pressure were cracked and in all 
cases this nng-like structure was found. The explanation of this phenomenon seems to be 
as follows. In the first few seconds after injection, before the oscillation unit is activated 
to start the first stroke (z: ý Is delay, measured from the cavity trace), a 2-3 mm layer is 
built up. The remairnng molten core is then compressed and decompressed at the set 
frequency. Concurrently the solidification boundary is moving inwards. 
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Figure 90 Fracture surface of a 35 mm thick modulated pressure moulding after binder 
removal (0.8 Hz, 46 MPa). 
The different thickness of the separate layers may be caused by the deceleration of the 
solidification boundary. In any event, the rings appear sharp and clear indicating an 
111-11 dDrUptchange which is suggested to be caused by a relative movement between the solid 
layer and the oscillating melt. It will be shown below that flow introduced an alignment 
of the non-uniform shaped alumina particle causes pronounced differential sintering. in 
the present case of oscillating flow in the moulding, is suggested that particles align 
along the inwards moving solidification interface and a abrupt change of orientation is 
believed to be cause by the changes in flow direction, 
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20 mm 
Figure 91 Fractured modulated pressure moulding after binder removal. 
I 
i 
1 
1 mm 
Figure 92 Fracture Surface from the moulding centre region of a 35 mm thick 
modulated pressure moulding after binder removal. 
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Drawing attention to Figure 90 reveals 6 smooth fracture at the moulding surface region 
and a grainy surface in the centre region. At higher magnification (Figure 92) the grainy 
surface can be identified as the interspherulitic fracture pattern found in large 
conventional and insulated sprue mouldings. As in large conventional and insulated sprue 
moulding, spherulites grow in the centre region of modulated pressure mouldings. 
Although the fracture display, 
. 5the coarse spherulitesthe onion-like shells are still visible. 
3.7.4 Defects appearing after sintering 
After binder removal only a few cracks were visible on the moulding surface but during 
sintering these cracks grew and new cracks appeared. Figure 93 shows radiographs of 
35 mm mouldings taken after sintering and is representative ef all modulated pressure 
mouldings. Before sintering no cracks were visible on the radiographs for these 
mouldings. After sintering different sorts of cracks appeared and became visible on the 
radiographs. 
In all mouldings, a concentric crack pattern appeared. This cracking phenomena 
4A 
represent the onion-like pattern visible on the fracture surface after binder removal. The 
gate position becomes clearly visible by this cracking. This is caused by pronounced 
reciprocatmg flow at this region. Cracks mainly appear at the interface between the outer 
sound layer and the remaining core built out of the "onion rings". Figure 94 shows the 
fracture surface of a 35 mm moulding which was broken after binder removal and 
sintered afterwards (the same fracture surface is shown in Figure 90 before sintering). it 
can be seen that the cracks appear at the interface between the layers of the onion ring 
structure. 
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a) b) 
Figure 93 Cracking in a) 25mm and b) 35 mm modulated pressure mouldings after 
sintering. 
Large cracks appear on the X-ray radiographs and on the moulding surface after 
sintering (Figure 95). The origin of these cracks is associated with different local 
shrinkage in the mouldings. A similar crack arrangement appeared on the surface of 
sintered low pressure mouldings (Figure 83). In both cases pronounced differential 
sintering was found (discussed in Section 3.12). 
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Figure 94 Cracking between the onion ring layers after sintering (the same fracture 
surface is shown in Figure 90 before sintering). 
20 mm 
Figure 95 Crack pattern visible on the moulding surface of 35 mm modulated pressure 
mouldings after sintering. 
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3.8 Packing and solidification 
In this section the influence of moulding conditions on packing and solidification are 
investigated. The two different moulding techniques; conventional and insulated sprue 
moulding are compared. The hold pressure was systematically varied from 5-120 Wa. 
3.8.1 Moulding dimensions 
The moulding dimensions were measured in the two perpendicular directions defined by 
Figure 33 (Section 2.5.3). Figure 96 shows the dimensional changes in conventional and 
insulated sprue mouldings as a function of the applied hold pressure. In order to interpret 
these it is helpful to consider the onset of pressure decay during solidification. In the case 
of insulated sprue mouldings, the hydrostatic pressure in the molten core supplied by the 
hold pressure was transmitted for about 240-300 s (Section 3.5.2) and it could be shown 
that most of the insulated sprue moulding solidified at a constant applied pressure and 
only a small molten section in the moulding centre was sealed from the sprue. On the 
other hand in conventional moulding, the sprue solidified after approximately 26 s 
(Section 3.3) and this led to a pronounced pressure decay in the remaining molten core. 
In insulated sprue mouldings, the moulding dimensions were almost constant in the hold 
pressure range from 120 NWa down to 10 NWa. At pressures lower than 10 MPa the 
mouldings contracted during packing and solidification and this contraction appears at 
almost constant moulding density as shown below. These mouldings shrink during 
solidification without the creation of voids, pronounced sinking marks or deformation. 
The reason for this contraction is that there is insufficient pressure in the molten core 
during low pressure solidification to oppose the contraction of the solid shell. Figure 97 
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illustrates this schematically by showing the molten core surrounded by the solid layer of 
thickness s, during solidification in the mould cavity. The constant applied hold pressure 
p, in insulated sprue moulding acts on the projected area of the surrounding solid layer 
causing it to stay in contact with the moulding wall and thus overall shrinkage is 
restricted. During solidification, the solid layer grows and the projected area of the 
molten core decreases until the imbalance of forces allows the moulding to shrink and to 
separate from the die wafl. 
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Figure 96 Moulding dimensions as a function of hold pressure for insulated sprue and 
conventional mouldings. 
Figure 96 shows that in conventional mouldings, a change in hold pressure causes 
dimensional changes in direction 11. The moulding dimensions increase with increasing 
hold pressure monotonically over the whole pressure range. In direction 12., the pressure 
influence is almost absent and only at very low pressures is some moulding shrinkage 
visible. The difference in dimensional changes in directions 11 and12 is due to a larger area 
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of the shrinking core acting in direction 11 which leads to an amptified effect of pressure 
change. The fact that the 11 dimension does not change with increased pressure (upper 
curve in Figure 96) indicates that clamp opening was not responsible for the changes 
seen in the case of conventional mouldings. 
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Figure 97 Schematic diagram of the solidification stage in ceramic moulding. 
The insulated sprue mouldings are generally around 0.8 mm bigger than the conventional 
mouldings in direction 11, a difference caused by the different pressure histories of the 
mouldings as expressed in Figure 97. In direction 12, which, as discussed above, shows 
less pressure sensitivity, the conventional mouldings are less than 0.1 mm smaller. 
Although these differences are small they are consistent with the practical observations 
made during moulding. In the pressure range from 120 NWa down to approximately 10 
MPa the insulated sprue mouldings were still tight in the mould cavity at the ejection 
stage. In contrast, all conventional mouldings separated easily from the mould cavity 
during ejection and this was also true for the insulated sprue mouldings made at hold 
fka" 
pressures lower'] 0 MPa. 
12 
solid layer 
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In Section 3.9 the restricted shrinkage which appears in the high pressure (10-120 NWa) 
insulated sprue mouldings is shown to have a pronounced effect on the formation of 
residual stresses during the packing and solidification stage and hence on the crack 
formation during binder removal. 
3.8.2 Moulding mass and density 
Systematic variations in the mass of mouldings taken together both the overall and local 
density variations within mouldings offer both a guide to the complexities of the 
solidification process and a pointer to likely defects. Four effects may give rise to 
differences in apparent density: crystaffinity differences, the appearance of micro-porosity 
or of macro-porosity or inhomogeneity of particle packing. 
Figure 98 shows the moulding mass of conventional and insulated sprue mouldings as a 
function of the hold pressure. By decreasing the hold pressure, the moulding mass 
decreased proportionaRy in the region from 120 MPa down to 10 NWa. The mass 
differences between conventional and insulated sprue mouldings cannot be compared as 
they are caused by different sprue sizes. When the hold pressure was lower than 10 MPa 
in insulated sprue moulding the moulding weight decreased dramatically. 
Figure 99 shows the overall apparent densities of the same mouldings. In insulated sprue 
moulding, the density changes continuously over the whole pressure range. It is 
significant that the steep weight loss in the low pressure region which was shown in 
Figure 98, is not associated with a discontinuity in density but appears at almost constant 
density. It has been shown (Figure 96) that a pronounced volume shrinkage appeared at 
holding pressures lower than 10 MPa. The loss of moulding mass at pressures below 10 
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MPa shown in Figure 98 is thus directly related to overaH moulding dimensions and not 
to density changes. This is because at low hold pressures, the solidified walls of the 
moulding are not held in contact with the mould tool but are free to shrink away from the 
mould by thermal contraction. 
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Figure 98 Moulding mass of insulated sprue and conventional mouldings as a 
function of hold pressure. 
The difference between the density of conventional and insulated sprue moulding is 
clearly apparent in Figure 99. In insulated sprue moulding, the apparent density is 
directly proportional to the hold pressure. In conventional moulding, the overall density 
of mouldings is ahnost constant up to a hold pressure of about 40 NWa whereafter there 
is a slight increase. Here, the premature decay of the melt pressure leads, to the creation 
of macroscopic pores and voids in the moulding centre which are visible on X-ray 
radiographs (Figure 60, Section 3.4.1). This effect is ameliorated somewhat at higher 
hold pressures as shown in Section 3.4. 
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Figure 99 Apparent density of insulated sprue and conventional mouldings as a 
function of hold pressure. 
a 
It seems to be illogical that although in 25 mm thick conventional moulding macroscopic 
voids are reduced with increasing hold pressures the pressure influence on density is less 
pronounced than in the insulated sprue mouldings where no macroscopic voids appear at 
low pressure and therefore cannot be eliminated at higher pressures. Because of this the 
hold pressure influence on apparent density was measured from different moulding 
thicknesses in a pressure range from 40-120 MPa. For 15 mrn conventional mouldings, a 
linear gradient of 0.25 kgm-'NfPa-'was measured, for 25 mm conventional moulding it 
was 0.13 k gM-3 Wa-', for 35 mm conventional mouldings it was 0.19 k gM-3 NWa-' and 
for 25 nu-n insulated sprue mouldings it was 0.21 kgm-'MPa-'. The 15 mm conventional 
and the 25 nim insulated sprue mouldings reveal the highest influence on apparent 
density of the applied hold pressure and in both cases no macroscopic voids could be 
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eliminated with rising pressure. Wliflst 25 mm and 35 mm conventional mouldings 
revealed less density influence on hold pressure changes, in this case, macroscopic voids 
appeared in the moulding centre. This reflects the circumstance that the solidification 
pressure is more effective in insulated sprue moulding and in 15 mm conventional 
moulding in which cases the major contents solidified subject to the set hold pressure. 
In conventional 25 mm and 35 mm moulding only the surface directly layers are 
subjected to the applied hold pressures as they solidify. Furthermore sinking deformation 
associated with lower moulding dimensions of the large section conventional mouldings 
take place in preference to void formation and therefore reduced large apparent density 
differences. 
Differences in apparent density may be caused by crystaffinity differences, the appearance 
of macro-porosity or of micro-porosity or inhomogeneity of particle packing. It can be 
seen from Section 3.10 that differences in crystaHinity play a very smaU part in 
influencing the density of mouldings. The density differences of 23 kgm -3 measured in 
insulated sprue mouldings are over one order of magnitude higher than the changes 
which might be caused by spatial variation in crystallinity. 
The appearance of macroporosity may well explain density differences between 
conventional and insulated sprue mouldings but will not account for density variations in 
insulated sprue mouldings where no macroscopic pores appeared. 
A major factor in accounting for the observed density differences is n-kroporosity. 
Scanning electron micrographs of polished sections from insulated sprue mouldings 
revealed the presence of rrficroporosity in the mouldings and this can be held responsible 
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a) 
b) 
c) 
Figure 100 Sequence of scanning electron micrographs taken from the centre of an 
insulated sprue moulding solidified under a hold pressure of 6 MPa. 
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for the variation in apparent density observed in the insulated sprue mouldings. Figure 
100 shows a sequence of micrographs taken from the centre of an insulated sprue 
moulding solidified under a hold pressure of 6 NWa. The grain made visible by a row of 
lighter (charged) pores (Figure I 00a) is associated with the growth of spherulites in thick 
section mouldings. The moulding morphology and the creation of spherulites is discussed 
in Section 3.10. Higher magnifications (Figure 100b and Figure 100c) reveal the 
appearance of microporosity in the moulding and a preferred arrangement of pores at the 
inter-spherulite boundary is visible. 
Figure 101 Scanning electron micrograph from the moulding shown in Figure 100 but 
further away from the centre. 
Figure 101 shows a scanning electron micrograph from the same sample as shown in 
Figure 100 but further away from the centre. It also displays the spherulite pattem but 
the increased arrangement of pores in the interspherulite region is not so clearly visible. t: ) 
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The charged and lighter pores in the interspherulite region suggest more porosity but 
there is porosity withjn the spherulites too. The interspherulitic porosity is suggested to 
be the early stage of separation along the spherulite boundary and is associated with the 
-6 nun thick region of the moulding sealed from the applied hold pressure during 
solidification. In this region hydrostatic tension leads to a separation between the 
spherulites. The influence of higher hydrostatic tension in the case of conventional 
moulding leads to interspherulitic cracking. In regions wMch are solidified at pressures 
higher than atmospheric, the spherulitic pattern is still found (Section 3.10) but is not 
associated with cracking, interspherulitic separation or increased porosity (Figure 101). 
Figure 102 shows the density of conventional and insulated sprue mouldings as a 
function of position in the moulding and of hold pressure. The densities at the moulding 
centres and at the moulding surfaces were measured from samples cut from the 
mouldings as shown in the scheme in Figure 32 (Section 2.5.2). 
In conventional mouldings, the centre and surface regions can be clearly distinguish over 
the whole pressure range and the density was about I% lower at the moulding centre. 
The macroscopic porosity and voids found in the centre of conventional mouldings 
(Figure 60) are thought to be responsible for the lower density measured at the centre. 
As the pressure was raised above 100 Wa there was an expected increase in density as 
shrinkage voids were extinguished. Here the high pressure acts on the frozen sprue 
which acts like a plunger creating cracks (Section 3.4.3). The slightly higher densities in 
the low pressure range appears at first to be anomalous and to contradict previous 
work""'. These mouldings presented sinking defon-nation at their surfaces associated 
with a reduction of voids in the centres. This is because conventional mouldings 
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subjected to low hold pressures fail to develop a rigid solid shell during sofidification 
because of separation at the mo ulding- surface waU"'. The solidification is generaBy 
slower and, since at 26 s the pressure decays, the softer and thinner solid layer collapses 
to provide sinking deformation in preference to internal macropores. 
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Figure 102 As-moulded density at the moulding centre and at the moulding surface of 
insulated sprue and conventional mouldings as a function of the hold 
pressure. 
Insulated sprue mouldings presented higher densities than the conventional mouldings. 
Both the densities of the samples cut from the centre region and those from the surface 
region increase systematically with increasing hold pressure. There is a consistent 
difference in density between the moulding centres and the moulding surfaces, but the 
differences are less pronounced than in conventional moulding and this reflects the 
absence of macroscopic voids in the centre of the insulated sprue mouldings (Figure 77 
3.5.3). The variation of density due to hold pressure and position in insulated sprue 
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mouldings can be attributed to the appearance of n-kroporosity and interspherulitic 
porosity. The difference in density between the moulding centres and the moulding 
surfaces is caused by the interspherulitic porosity (Figure 100) which is associated with 
the scaled section in the moulding centre of the insulated sprue mouldings. The density 
increase with increasing hold pressure at the moulding surface may be explained by the 
reduction of n-ficroporosity which was found all over the mouldings. Figure 103 shows a 
scanning electron micrograph of an insulated sprue moulding made at 14 MPa taken 
close to the moulding surface. Due to higher cooling rates no spherulites appear in this 
region. Microporosity is evident in the solid ceranuc suspension and it is suggested that 
solidification at higher pressures may lead to a reduction of this n-&roporosity and hence 
to higher densities. 
Figure 103 Scanning electron micrograph of an insulated sprue moulding made at 14 
MPa taken close to the moulding surface. 
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3.8.3 Sintered density 
Figure 104 shows the sintered densities of the same samples previously used to 
measured the as-moulded density (Figure 102). During binder removal, the 17.5% ± 
0.12% weight loss was independent of the location in the mouldings and of the applied 
hold pressure so the issue of variable ceramic volume fraction, particle migration or 
depletion are relegated from the discussion of density differences or of differential 
shrinkage. 
-3 In the insulated sprue mouldings, the density was 3834 ± 16 kgM at the moulding 
surface and 3830 ± 17 kgnf3 at the moulding centre. These are the averages over the 
whole pressure range. Density was thus found to be independent of the applied hold 
pressure and to the location in the mouldings. At the surface of conventional mouldings, 
the sintered density was 3821 ± 17 kgm -3 . The 
density in the centre of the conventional 
mouldings however was 3806 ± 19 kgm7' a generally lower average with a higher scatter. 
Although the as-moulded densities show clear differences, during sintering the powder 
assembly endeavours to densify to 'the same level. The lower sintered density in the 
moulding centre of the conventional moulding is caused by remaining macroscopic 
porosity which was not closed during sintering. The scatter is caused because of the 
probability of capturing a macroscopic pore in the cut section. The intersperulitic 
porosity detected in the as-moulded samples did however close during sintering and the 
decoration of the original spheruhte boundaries was not found in the sintered samples 
either by optical or by electron-optical observations. The observation of fracture surfaces 
(Section 110) clearly revealed the "grainy" pattern in the as moulded stage but revealed 
a smooth fracture surface with no sign of the pre-existing pattern after sintering. In 
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Section 3.12 the volume shrinkage during sintering is measured from similar insulated 
sprue mouldings and was found to be up to 2.4 % higher at the moulding centre 
compared to the moulding surface. This higher volume shrinkage is caused by the closure 
of micro-porosity in the moulding centre during sintering and considered to be related to 
the -6 mm section in the moulding centre which is sealed from the applied hold pressure 
during solidification. 
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Figure 104 Sintered density in the moulding centre region and in the moulding surface 
region of insulated sprue and conventional mouldings as a function of the 
hold pressure. 
These results clearly illustrate the important influence of the applied hold pressure on the 
quality of the final sintered ceramic. The tendency of the powder assembly to endeavour 
to reach ftill density during sintering implies that any source of disparity in packing 
3.83 
3.81 
3.79 
3.77 
3.75 
density can give rise to differential sintering. However it implies a potential source of 
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defects. It has been shown that different solidification pressures have a response in the 
spatial variation in moulding density and in consequence to differential sintering in the 
mouldings. A constant and effective pressure applied to the molten ceramic suspension 
during solidification however leads to a narrow moulding density distribution and hence 
to less differential sintering. The effect of pressure conspires with that of different 
cooling rates to generate differences in polymer crystallinity between the surface and the 
centre of mouldings. Although this difference is measurable and significant it is not 
enough to account for the measured density differences in these mouldings. 
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3.9 Residual stresses in large ceramic mouldings 
3.9.1 Assessment of stress distribution in large ceramic mouldings 
Figures 105a and 105b show photographs of the deformation of 7xl2x45 min bars cut 
from 25 mm thick insulated and conventional mouldings respectively according the 
sectioning plan show in Figure 33. They have been subjected to binder removal from one 
side only. 
a) 80 MPa conventional moulding 
lomm 
referen 
surfac( 
gauge 
plate 
Figure 105 Photographs of bars after layer removal; a) conventional moulding and b) 
insulated sprue moulding. Inset defines the surfaces. The reference surface 
is the polished flat surface originally at the moulding interior. 
b) 60 MPa insulated sprue moulding 
removed layer moulding surface 
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The bending is made visible by the gap between reference surface of the sample (lower 
bar) and the gauge plate (upper bar) and is developed during gradual layer removal of 
polymer from the original surface of the moulding. The gaps visible on these 
photographs clearly distinguish concave and convex deformation of the samples. During 
binder removal, an unbalancing of the compressive and tensile stresses in the bars takes 
place; an effect which is comparable to layer removal. The bending therefore indicates 
the existence and sign of residual stresses in the mouldings. The deformation was 
recorded by dial gauge from various mouldings and is displayed in Figure 106 for 
conventional mouldings and in Figure 107 for insulated sprue moulding. The concave 
bending of the bars visible in conventional mouldings indicates compressive stresses on 
the moulding surface. The convex bending of some bars cut from insulated sprue 
mouldings made with a hold pressure greater than 9 NVa indicates tensile stresses in the 
moulding surfaces. All conventional mouldings revealed compressive stresses at the 
moulding surface with a tendency to higher values at higher holding pressures which is 
72,73 
consistent with both experimental" and theoretical work 
In insulated sprue mouldings, an influence of pressure on reversal of residual stresses is 
clearly visible. At high pressures, the removal of the surface layer caused convex 
deformation of the reference surface, which indicates tensile stresses at the moulding 
surface. Below 9 MPa, the stress distribution changed and at 8 MPa the bar showed no 
bending. At 5 MPa the bending of the reference surface was concave indicating 
compressive stresses in the surface layers. These experimental observations are in good 
agreement with the theoretical work of Jansen and Titomanli075,76 . They 
described the 
stress distribution in injection mouldings caused by restricted shrinkage and revealed 
tension at the moulding surface and compression in the moulding centre. 
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Figure 106 Deformation of the bars after layer removal (conventional mouldings). 
The sudden appearance of moulding shrinkage at an applied hold pressure of about 10 
MPa corresponds with reversal of the sign of the surface stress. Applying a high holding 
pressure during solidification inhibits shrinkage of the surface layers as shown in Figure 
96 (Section 3.8.1) and tensile residual stresses result. At a lower melt pressure which, in 
the present case was around 10 NWa, the surrounding solid layer is able to contract 
during cooling. In the same way, the surrounding solid layer of conventional mouldings 
is free to contract during cooling after 26 s when the internal pressure starts to decay. 
Further thermal contraction of the moulding centre in conventional moulding led to 
shrinkage deformation and compressive stresses appeared at the moulding surface 
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balanced by tension in the moulding centre. This was accompanied by the appearance of 
shrinkage voids in mouldings made at p< 80 NTa. 
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Figure 107 Deformation of the bars after layer removal (insulated sprue mouldings). 
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3.9.2 Effect of residual stress on cracking 
More evidence for the existence and sign of residual stresses i. ,- revealed in Figure 108. 
These X-ray radiographs show a conventional moulding before (Figure 108a) and after 
(Figure 108b) an annealing treatment of 26 h at 145 'C. In Figure 108a, showing the as- 
moulded stage, the cracks are near the centre and do not intersect the surface of the 
moulding which is characteristic of a centre-tensile, surface-compressive stress 
distribution. The existing cracks grew in length and thickness and some new cracks 
became visible on the radiographs after the annealing treatment consistent with previous 
observations on wax-based ceramic mouldings 178 . The pattern and location of the crack 
development indicates that the polymer fraction underwent a relaxation of residual tensile 
stresses in the moulding centre. The shrinkage voids associated with hydrostatic tension 
in the melt clearly preceded the formation of cracks. 
a) b) lomm 
Figure 108 X-ray radiographs of 25 mm thick conventional mouldings; a) as moulded 
and b) after heat treatment. 
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Figure 109 shows X-ray radiographs of 25 mm thick ceranuc injection mouldings after 
binder removal. Figure 109a shows a conventional moulding injected at a hold pressure 
of 100 N/fPa. The melt pressure decay associated with the premature gate solidification 
encouraged shrinkage voids to form in the melt. The incidence of cracks was dependent 
on the applied hold pressure and at high hold pressures they had already appeared after 
injection moulding as shown in Section 3.4. During binder removal, the existing cracks 
grew and "new"' cracks previously undetected by X-ray radiography developed in all 
conventional 25 mm mouldings, over the whole hold pressure range. 
i 
10 mm 
Figure 109 X-ray radiographs of 25 mm thick mouldings; a) conventional moulding as 
moulded, b) insulated sprue moulding after binder removal and c) low 
pressure (5 MPa) insulated sprue moulding after binder removal. 
Figure 109b shows a 25 mm thick insulated sprue mouldmg injected at a hold pressure of 
100 NIPa which reveals the crack pattern representative of insulated sprue mouldings 
injected at high holding pressures. The same fracture pattern is shown in Figure 78 and 
79 in Section 3.5. The moulding revealed no cracks in the as-moulded state. The cracks 
appeared during binder removal and started from the moulding comers at 45'. These 
cracks started from the moulding surface at an early stage of binder removal. The 
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compressive internal forces in the insulated sprue moulding cause a dilation of the 
unreacted core and induce cracks in the surrounding ceramic powder layer. 
Figure 109c shows an insulated sprue moulding injected at a constant hold pressure of 
approximately 5 NVa. A small crack in the moulding centre which is caused by a 
premature pressure decay in the moulding is not visible on this print of the X-ray 
radiograph. The crack was detected in the as-moulded stage and in the sintered ceramic 
but no macroscopic defects developed during binder removal in tl-ýs moulding. The 
incidence of this crack is associated with the slip-stick effect in the barrel at low hold 
pressures discussed in Section 3.6. The crack pattern in these mouldings shows a good 
correlation with the observed stress distribution in Figures 106 and 107. 
To summarise, in conventional mouldings cracks appeared in the moulding centre where 
tensile stresses prevail. In insulated sprue mouldings, the cracks started from the 
moulding surface during binder removal where tensile stresses were observed and in low 
pressure insulated sprue mouldings no crack development was detected during binder 
removal. 
The conclusions from this work on residual stresses indicated a possible production 
window at low and constant applied hold pressures. Thus in the course of this study the 
pneumatic injection technique was designed. Although the residual stresses in mouldings 
made by the pneumatic injection technique were not explicitly investigated, the fact that 
mouldings made in a pressure range from 0.1 -1 MPa did not create visible cracks during 
binder removal correlate well with the results presented in this Section. 
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3.10 Effect of polymer morphology and crystallinity on the micro structure 
in large ceramic mouldings 
3.10.1 Polymer Crystallinity 
Crystallinity was measured both at the moulding centre and near the moulding surface by 
DSC. Figure 110 shows the measured crystallinity as a function of the applied hold 
pressure in 25 mm thick conventional and insulated sprue mouldings. The results show 
that there is no significant influence of the applied hold pressure on the crystallinity at the 
moulding centres for either moulding method. At the moulding surface, on the other 
hand, a slight systematic influence of the hold pressure on crystallinity is evident and is 
sin-filar for both moulding techniques corresponding to a change of about 1%. A 
crystallinity difference is present between the moulding centres and 
moulding surfaces. 
These results reflect the influence of different cooling rates that prevail at different points 
in thick section mouldings (Figure 52, Section 3.3). In the centre where slow cooling 
prevails, the higher crystallinity is independent of the moulding technique and of the 
solidification pressure. In the surface region the explanation is slightly more involved. 
The crystallinity is lower partly because of the higher local cooling rate but this does not 
account for the pressure dependence. High holding pressure may perhaps cause lower 
crystallinity at the surface because it extends the die-wall to moulding separation time. 
This, in turn has a strong influence on surface heat transfer coefficient and hence on 
moulding surface temperature and cooling rate 173 . The problem with this explanation 
is 
that in insulated sprue moulding, unlike the situation in conventional moulding, the 
moulding surface does not separate from the die wall during solidification"' provided the 
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hold pressure exceeds a minimum value which, in this case, was 10 MPa (Figure 96, 
Section 3.8). 
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Figure 110 Crystallinity at the moulding centre and at the moulding surface for 
conventional and insulated sprue mouldings. 
The change of solidification temperature under different melt pressures shown in the 
PVT-diagam (Figure 3 7, Section 3.1 ) is therefore considered to be the main reason 
140 fo r 
the pressure dependence. At a low hold pressure of 20 MPa the melt solidifies at around 
150 'C but at a hold pressure of 100 NIPa the soliclification has already started at 160 'C. 
The result is a higher cooling rate at higher solidification temperatures which leads to a 
lower crystallinity. At a lower melt pressure, the lower solidification temperature 
involves a slower cooling rate and causes higher crystallinity. This effect is more 
6 
significant in the surface region NNýere a rapid change in cooling rate appears (Figure 52, 
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Section 3.3) but even there it accounts for a difference of only 1% crystallinity over a 
120 MPa pressure range. 
To assess the influence of cooling rate on the crystallinity, the thermal histories of a 
number of samples were simulated by differential scanning calorimetry (DSQ. The 
samples were cooled from 180 T at different cooling rates to 50 T and the resulting 
crystallinities were measured afterwards at a heating rate of 0.166 Ks-' (10 'Cmin-'). 
Figure III shows the measured crystallinity as a function of the thermal history of the 
samples. At high cooling rates (over 0.5 Ks-') the crystallinity is fairly stable at around 
39 %. Samples which were quenched into liquid nitrogen reached slightly lower values of 
around 36 % crystallinity. However at lower cooling rates the crystallinity increased and 
reached values up to 42.3 % (at a cooling rate of 0.017 Ks-'). 
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Figure 111 Crystallinity of the injection moulding suspension at different cooling rates. 
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Figure 112 shows the peak solidification temperature for various cooling rates measured 
by DSC. At a low cooling rate of 0.017 Ks-' (I'Cmin-') the suspension solidified at 
around 150 'C which is in good agreement with the solidification range in the PVT 
diagram at atmospheric pressure (Figure. 37). With increasing cooling rate pronounced 
supercooling appeared in the material and at a cooling rate of 1.33 Ks-' (80 'Cmin-') the 
solidification peak temperature decreased to about 124 'C. Thus Figures 37,111 and 
112 provide charts fi7om which the specific volumes, crystallinities and solidification 
temperatures can be deduced fi7om calculated cooling rates in different regions of a 
complex moulding. 
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Figure 112 Peak solidification temperature deduced from DSC as a function of cooling 
rate. 
Results and discussion 163 
The initial cooling rates at the surface of the infinite bar (averaged over the first 10 s) are 
calculated to be in the region of 4 Ks-' and in the centre the cooling rates vary between 
0.3 Ks-' and 0.1 Ks-'. It has been shown above (Section 3.3 and 3.5) that the application 
of the finite element program used to calculate tlxsiecooling rates contains the risk of 
undeK estimating the cooling time in respect to the real mouldings and hence the real 
cooling rates are expected to be lower. However the cooling rates obtained at around 
150 'C are not seriously in error and applying these calculated cooling rates to give the 
corresponding crystaffinities deduced from Figure III predicts the crystaffinity 
differences measured in the mouldings and shown in Figure I 10. Thus the differences in 
crystallinity are attributed to the changes in rates of cooling within the solidification 
range at different positions in the mouldings where the solidification temperature range is 
itself influenced by pressure. 
An important question is to what degree are the density changes in mouldings caused by 
different crystallinities brought about as a result of different local cooling rates. The 
specific volume of the amorphous fraction is given at 7.595 x 104m`kg-1 179 or 8.2304 x 
10-4 mIg-' 
180 
the specific volume of the crystalline fraction is given at 6.702 x 
10-4 
m'kg-' 
179 
or 6.7069 x 10-' rnýkg-' 
180 
. Taking the arithmetic mean 
from these values, a 
change of one percent crystallinity causes 2.26 kgm73 change in density in the polymer 
fraction of the suspension. As the polymer volume fraction is about 44%, one percent 
change in crystaflinity causes I kgnf' density change in the ceramic-polymer suspension. 
The maximum measured crystallinity difference in 25 mm thick mouldings was about 2% 
and so a maximum density change of about 2k gM-3 can be expected to be caused by 
different crystallinities. It is shown in Section 3.8 that local density differences in 
mouldings are over ten times higher than this value. 
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3.10.2 Morphology in large ceramic mouldings 
Figure 113 show the fracture surfaces of 25 mm thick mouldings broken in three point 
bending at room temperature. The mouldings were injected at constant hold pressures of 
5,12 and 60 MPa into a mould tool set at 130,145 or 150'C. All mouldings revealed a 
fairly plane fracture which consisted of a grainy surface. These grains, which were up to 
380 ýtm in diameter result from the spherulitic structure of the polymer. During fi7acture, 
the crack travels along the polyhedral inter-spherulitic boundaries, the existence of which 
is clearly evident in the mouldings. Inter- spherulitic fracture has been found in many 
semicrystalline polymers' 
43,145,181,182-185 
. The resulting "grains" are 
fine in the case of high 
hold pressures and low mould temperatures as a result of rapid cooling. With increasing 
mould temperatures and decreasing hold pressures, a coarse structure develops which 
extends almost to the moulding surface (Figure 113). Figure 114 shows an optical 
micrograph of a polished section in a 25 nim. thick moulding processed at a hold pressure 
of 60 MPa and mould temperature of 140 'C. The micrograph shows a network of lines 
which are created as the adjacent spherulites impinge on one another. It is shown below 
that these lines result from an enrichment of the low molecular weight additive. 
The creation of spherujites during solidification can be observed on fractured surfaces 
which indicate different solidification behaviour throughout the mouldings. Figures II 5a, 
II 5b and II 5c show fracture surfaces of mouldings injected at a hold pressure of 10 
MPa and fractured after 180 s, 300 s and 360 s respectively. In the early stage of 
solidification. the solid-liquid, boundary at about 2.7 mm below the surface is well defined 
(Figure II 5a). In the fracture surface, what was the thin solid layer is distinct from what 
was the melt and the boundary appears at a clear line. During the progress of 
solidification (Figure II 5b). the solid layer thickness increased to about 7 mm and the 
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Figure 113 Fracture surfaces of 25 mm thick insulated sprue mouldings made at mould 
temperatures varied from 130-150 "C and at hold pressures varied from 5-60 
MPa, displaying different morphologies. . 10 mm 
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Figure 114 Optical micrograph of a polished section displaying a "grainy" pattern in 
large section insulated sprue mouldings caused by spherulitic solidification. 
The moulding was processed at a hold pressure of 60 MPa and a mould 
temperature of 135 OC. 
solid-liquid boundary is not clearly distinguished anymore. A transitional region appears 
that extends from growing spherulites and gradually changes to the fully molten core. 
These differences are caused by reduction in the temperature gradient during 
solidification so that the melting range of the polymer is more fully displayed. In the early 
stage of solidification, a high temperature gradient leads to a clearly distinguished solid 
and liquid region. During the progress of solidification however, the melt temperature 
decreases and nucleation occurs at the moulding centre. In an advanced state of 
solidification, the core exists in the form of solid spherul-ites which are just discernible in 
Figure 115c surrounded by a liquid fraction. As the crystallisation of the spherulitic 
structure nears completion, the extremities of adjacent spherulites begin to impinge on 
one another, forming more or less planar boundaries. 
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Figure 115 Fracture surfaces of 25 mm thick insulated sprue mouldings showing the 
advance of the solid-liquid interface during solidification at a mould 
temperature of 135 'C. 
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Drawing attention to Figure 113 discloses part of a broader systematic relationship 
between the applied hold pressure, the mould temperature and the super-molecular 
structure in these ceramic mouldings. Fractographs indicate a skin-core structure which 
has been found in many pure POM mouldingS131,132,137,139,140 . The core structure arises 
from the inter- spherulite grainy fracture surface. The grain size decreased towards the 
moulding surface and finally changed abruptly to a smoother fracture surface at the skin. 
With ascending mould temperature, the skin layer thickness decreased and the 'grain' 
size in the moulding core increased. A similar effect is evident at different hold pressures. 
Increasing the applied pressure led to increasing skin layer thickness and to decreasing 
grain size. 
The structures in these ceramic mouldings can be traced back to their thermal and 
mechanical histories during solidification. The polymer fraction of the ceramic 
suspension passes through a metastable temperature zone just below its melting 
temperature in which nucleation is inhibited but in which crystals, once nucleated, can 
grow 140. During further supercooling of the melt, spontaneous nucleation appears until at 
lower temperatures, a high-viscosity regime stops nucleation and growth 140 . The skin 
region of the mouldings is subjected to very high cooling rates (Figure 52, Section 3.3) 
and so temperature quickly passes through the nucleation and growth zone. Since the 
crystal growth is time-dependent and very high cooling rates are experienced by the 
polymer near the mould wall, the spherulitic structure, if its develops at all, is likely to be 
very fine. Indeed this is the case in rapidly cooled sen-ý-crystalline thennoplastics in 
general"' 
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In the moulding centre, low cooling rates (Figure 53, Section 3.3) provide ample time for 
crystal growth. Experimental observations support the reported spherulitic solidification 
in the melt at low undercooling 140 . Figure 116 is a remarkable image which shows pieces 
of fractured solid skin layer on a molten core after fracture. This insulated sprue 
moulding was injected at a hold pressure of 5 NTa into a mould tool maintained at 
155'C and ejected after 1600 s. Coarse spheirulites in the melt are clearly visible. This 
crystaffisation occurred at such a high temperature and therefore at very low cooling 
rates and so the solidification could not be completed. The small number of spherulites 
dispersed in the melt give evidence for the inhibited nucleation at higher melt 
temperatures. If the melt is cooled at higher rates, caused by lower mould temperatures, 
spontaneous nucleation appeared at lower temperatures and led to a higher spherulite 
density and hence to smaller grain sizes in the mouldings (Figure 113). 
The influence of pressure on the morphology in the mouldings can be attributed to the 
increase in solidification temperature with rising pressure. The PVT-diagram (Figure 37, 
Section 3.1) reveals an almost linear shift in solidification temperature of about 0.17 
'CU[Pa-1 in the temperature region displayed which is in good agreement the 0.16 
'CMPa- I reported elsewhere 131 . Thus a pressure 
increase directly increases super-cooling 
in the melt and hence appears as a similar effect as lowering the tool temperature. 
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Figure 116 Fractured solid skin layer on a molten core containing spherulites in the 
melt. The melt was injected into the mould tool held at 155 OC at a hold 
pressure of 5 MPa and ejected after 1600 s. 
3.10.3 Moulding defects 
In ceramic injection moulding, the polymer fraction is used to provide particle transport 
and shape retention. Ideally, the particles should be located in their sintering positions 
when the polymer vehicle is removed. In the present case, the polymer decomposes 
mainly to formaldehyde. The driving force is a catalytic depolymerisation in the presence 
of an acid vapour' 52. A processing additive at 3% by welght is not decomposed by the 
binder removal process at I 10 'C but is removed thermally at temperatures up to about 
270 'C later on. The implications for the structure resulting from setyli-crystallinity were 
ft 
ft 
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. oý 91 
explored during the subsequent manufacturing stages, 
40 
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Figure 117 shows a scanning electron micrograph of composite fracture in a sintered 
alumina sample. The sample is representative of all samples cut from mouldings of which 
the extreme examples are shown in Figure 113. Three contiguous fracture surfaces are 
visible; a) the sample was fractured in the as-moulded stage, b) the binder was removed 
and the sample was fractured again and c) the sample was fractured after sintering. This 
single sample therefore presents contiguous fractographs, from each stage. Face a) shows 
the polymer-ceramic moulding removed from the cavity and broken. It fractures along 
the regions which are identified as interspherulite boundaries. These are visible in 
polished sections of the mouldings (Figure 114) as a network of lines. The "grain size" 
from the fracture face(a) in Figure 117 corresponds to that in Figure 114. The network 
shown in Figure 114 is not claimed to consist of pre-existing cracks. It is suggested to 
display an enrichment of low molecular weight additive. The segregation of low 
molecular weight additives or impurities from growing spherulites in 
polyoxymethylene"', "' and other sernicrystaffine polymers 
143,145,183,186,187 is 
widely 
143,145,183 
discussed and in many cases it is reported to enhance interspherulitic fracture 
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Figure 117 Composite fracture surface of a 25 mm thick insulated sprue moulding 
processed at 12 MPa hold pressure and a mould temperature of 145 OC a) 
fractured as moulded b) after binder removal and c) after sintering. 
Mouldings which were covered with ink and afterwards cleaned with alcohol retain 
penetrated ink exclusively in the inter- spherulitic regions which is shown in Figure 118. 
In Figure 119 a polished section treated with ink and a fracture surface from the same 
location in the moulding are compared. The penetration of ink is shown to increase 
towards the moulding centre and this appears directly related to the increasing spherulite 
size. It remains to question if the ink penetrated the interspherulitical region because of 
additional porosity at the spherulite boundary (Section 3.8) or does the solvent 
containing ink or the alcohol dissolve in the interspherulitical region. It is suggested that 
additional interspherulitic porosity appears only in the centre region of the Insulated 
sprue mouldings. Furthermore the fracture surfaces from mouldings after binder removal 
and sintering (Figure 117b and 117c) do not indicate any sign of the pre-existing 
spherulite pattern. Which therefore do not indicate additional porosity. The argument 
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that solvent action is responsible is supported by the fact that ink does not penetrate into 
the spherulites although porosity is evident in this region too (Figure 100 and 10 1) - 
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Figure 118 Optical micrograph showing ink penetrated into the spherulite boundary of 
a insulated sprue moulding (12 MPa hold pressure, 145 OC mould 
temperature). 
In a fiirther experiment, samples were exposed to tetrahydrofuran (TFIF). Highly 
crystalline polymers in general are known not to be soluble at temperatures below 50 
oC188 . 
The only solvent known to dissolve polyoxymethylene at low temperatures is 
hexafluoracetone-hydrate 189 . But 
TFIF does remove the processing aid which has 
segregated to the grain boundaries by syneresis. After the treatment, a clearly visible 
network of cracks appears exclusively along the 'grain' boundaries (Figure 120). This is 
consistent with a higher concentration of the processing aid at the boundary. 
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Figure 119 Photographs of an interspherulitic fracture surface and a polished section 
with ink penetrated into the spherulite boundary. Both are taken from the 
same location of an insulated sprue moulding (5 MPa hold pressure, 135 "C 
mould temperature). 
Further evidence for compositional inhomogeneity induced by syneresis is provided by 
the charging effects found in the interspherulitic region visible on the scanning electron 
ince the melting point nucrographs (Figure 100 and 101). SI I of the processing aid is well 
below 110 'C it is thought to melt as heat is developed during gold coating. This may 
I 
I3 
disrupt the poor coating around the pores in the Interspherulitic sections- 
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Figure 120 Cracks along the spherulite boundaries which appeared after solvent 
treatment in the sample shown in Figure 118. 
Figure 121 shows a optical photograph of coarse spherulites displayed on the surface of 
a 25 mm thick conventional moulding. This remarkable image is created as air trapped in 
a moulding comer heats up and bums the ceramic injection moulding suspension during 
the filling and solidification stage. Since the moulding was produced as general moulding 
settings were tested the exact moulding conditions are not known. Tlxsedefects are 
caused by the adiabatic heating of air trapped in the mould tool and can be prevented by 
using lower injection rates or changes in mould design. It is not to discuss this kind of 
defect, it is the correlation to the moulding morphology displayed by this image wh*16) is of 
interest. The heat decomposed the inter- spherulitical region and thereby uncovered the 
spherulites. This correlates with the argument that the low molecular weight factions and 
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the processing additives are rejected from the growing spherulites. At high pressures and 
temperatures the amorphous inter- spherulitic region is therefore decomposed first. 
1. 
500 4m 
400, I 
r 
Figure 121 Spherulites visible on a moulding surface in a section which was thermally 
decomposed by high pressures and temperatures. Caused by the adiabatic 
heating of trapped air in the mould tool during filling. 
Figure 122 show a sequence of scanning electron micrographs form the burned section 
displayed in Figure 121. At higher magnification the spheruhtes display a holey and 
coarse surface (Figure 122b). The inter- sperulitical. region reveals the charging effect 
discussed above and therefore indicates low molecular additives to be present in that 
region. 
Results and discussion 177 
U 
Figure 122 Sequence of scanning electron micrographs a) section as shown in Figure 
121 at higher magnification, b) spherulite surface and c) inter-spherulitical 
region. 
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Fracture face b) (Figure 117) was generated after binder removal and it is at first 
remarkable that a clear fracture is presented and that the inter-spherulitic pattern that was 
so striking in fracture face a) is absent. The explanation is that the crack path in the 
Polymer-ceramic moulding follows the inter-spherulite boundaries because they contain 
low molecular weight material rejected from the crystalline regions by syneresis. When 
the polymer has been removed by catalytic degradation at I 10 'C, the low molecular 
weight processing aid is in its liquid state. Thus the processing aid is able to penetrate the 
porous powder assembly by migration away from the pre-existing spherulite boundaries 
by capillary action. The fracture path now has no preference for the pre-existing 
boundaries; indeed they may even be strengthened by the inter-particle bridges provided 
by the processing aid. 
After sintering (Figure II 7c), the samples present a smooth and sound fracture surface 
with no evidence of the pre-existing morphology detected at the moulding stage. In 
addition, polished sections of sintered mouldings were optically and electron optically 
exan-dned again with no evidence of a defect pattern. These results indicate that the 
removal of the polymer from the mouldings left no sign of the previous super-molecular 
structure. Thus the different morphologies cannot be treated as a defect in the sintered 
ceramic. 
The examination of mouldings which experienced an earlier pressure decay, which is the 
case in conventional moulding (Section 3.4), revealed cracks in the moulding centres 
wl-ýich appeared to follow the spherulite boundaries. These were, of course, defects 
which did not heal during binder removal and sintering. Thus the spherulite boundaries, 
which represent the weakest links in the mouldings can, if fracture occurs before binder 
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removal under the influence of residual stresses, guide the fracture path. if such fracture 
does not take place, the spherulite boundaries are lost on binder removal and leave no 
relics detectable by optical or scanning electron microscopy. 
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3.11 Binder removal 
3.11.1 Reaction rate 
The reaction leaves a clearly defined boundary which can be seen optically (Figure 123). 
Using scanning electron microscopy, the boundary is definable to within about 3 ýtm or six 
particle diameters (Figure 124). When the sample cools to ambient temperature from I 10 T, 
a crack tends to develop at or near the boundary because the two regions have different 
coefficients of thermal expansion and the porous layer is extremely fragile. In non-nal practice, 
the sample would not be cooled until the polymer was My expelled isothermally at 110 'C. 
The precision with which this reaction boundary can be defined may be unique for a polymer- 
ceramic system and makes possible the direct application of an unreacted core kinetic 
theory'90 
ii 
Figure 123 Optical micrograph showing the boundary between the polymer-containing 
unreacted core and the porous outer layer. 
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Figure 124 Scanning electron micrograph showing the sharp boundary at the reaction 
interface. 
In the early stages of reaction, the over" rate is expected to be controlled mainly by the 
chemical reaction because the resistance to mass transport through the very thin porous layer 
is low. Thus, one would expect to find the reaction boundary advancing at constant velocity 
for the case of an infinite flat plate in the initial stage. Under these conditions a dependence on 
the nitric acid vapour concentration in the oven is expected and was assessed. 
The reaction boundary position as a fimction of time was recorded for nitric acid rates from 
4.7-31.3 mIK' and the curves of reaction depth as a fimction of time that can be legibly 
plotted together are shown in Figure 125. Neglecting the self decomposition of the nitric acid 
vapour 
191,192 
, the nominal partial pressure of nitric acid (PN) was calculated from the pressure 
balance resulting from the evaporating metered liquid nitric acid and the metered nitrogen 
defivered into the oven (Table 6). 
binder removed with binder 
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Figure 125 Reaction depth as a function of time for different pump rates of HN03 in the 
furnance atmosphere. 
At low reaction depths, typically less than I nmi, the reaction interface advances with a 
constant velocity which is dependent on PN. The reaction rates were deduced from the linear 
portions of the curves for all the experiments conducted and are given in Table 6. In general, 
the curves have intercepts of < 50 ýtm which is equivalent to the accuracy of optical 
measurement of the reaction interface position. Correlation coefficients were generaUy greater 
than 0.99. The curves corresponding to high reaction rates are somewhat less accurate,, 
having larger intercepts and lower correlation coefficients prirnarily because of the error 
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introduced in short timescale experiments (< 2 ks) by the necessity to purge the oven of nitric 
acid before opening. 
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Figure 126 Reaction rate as a function of the nitric acid rate metered into the furnace. 
The slopes deduced by linear regression from the data in Figure 125 are plotted as a function 
of the nitric acid pump rate in Figure 126. Above about 25 n&' the reaction rate ceases to be 
a tinear function of nitric acid concentration. Indeed the pwnp setting of - 30 mIK' 
corresponds to the commercial operation which is based upon this process. The enthalpy of 
depolymerization for polyoxymethylene is 1-ýigh and positive. The average of the values 
cited"' is 63 kimorl. At PN =3 kPa the rate of 300 nnis-' corresponds to an endothermic 
ivIc, *k, % it, 
absorption of 350 
Wnf2. It will be shown below thattemperature measured in, mouldings 
during binder removal decreases and this is most pronounced at the initial stage of binder 
removal and at increasing acid concentrations. Obviously, the endotherrnic nature of the 
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reaction confers negative feedback and hence temperature stability on the process, unlike the 
exothermic nature of polymer oxidation reactions in conventional pyrolysis, and this enhances 
the utilitarian value of the process. 
Table 6. Initial reaction rates as a function of HN03mole fraction 
HN03 PN M01 HIV03 rate intercept correlation coeff 
/n&l /kPa /0/0 /nm§-1 P-M 
4.7 0.537 0.530 39.59 14.8 0.983 
6.5 0.747 0.737 68.32 9.6 0.990 
8.4 0.965 0.952 77.92 7.5 0.997 
10.7 1.23 1.212 129.1 29 0.996 
16.7 1.92 1.894 255.5 55 0.994 
21.6 2.44 2.407 259.3 26 0.995 
21.9 2.48 2.445 298.2 57 0.975 
31.3 3.51 3.462 300.5 67 0.953 
42.5 4.70 4.636 356.4 30 0.994 
The reaction depth at times longer than 10-15 ks or at higher PN does not follow the linear 
dependence on time shown in Figure 125 due to the resistance to gas transport across the 
growing reacted sheR of porous ceramic powder. Under these conditions, the measured rate 
is dependent partly on reaction kinetics and partly on diffusion. Figure 127 shows the 
development of parabolic kinetics for three partial pressures of nitric acid up to times of 28 
ks. It is shown'90 that such unreacted shrinking core systems, clra CA cas, (- of first order kinetics 
for the interface reaction Mow an equation of the form: 
Tsx + Ts (y2 sx2 
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where -i and cý, are constants from which the rate constant and effective diffusion coefficient 
respectively can be obtained. The latter is an indication of the extent of diffusion control. For 
a2s<0.1 the rate can be considered to be controlled entirely by chernical reaction. When Cy 
2S ýý 
10 the rate is controfled by mass transport"'. 
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Figure 127 Measured reaction depth as a function of time for long timescale 
experiments at different nitric acid rates compared with the calculated values 
from the unreacted shrinking core model. 
The values of these constants can be obtained by plotting t/x vs x. Figure 128 shows such 
plots for the long timescale experiments. Deviations from the parabolic curve in Figure 127 
resulting fi7om experimental error are amplified in the plots of t/x vs x. The equations for the 
fines in Figure 12ý, that result from this are: 
-A A 
186 
(HN03rate 21.6 mW'), -. 
2 
t=1.94 x+2.22 x 
(HN03rate 31.3 mlh-1); 
t=1.995 x+1.34 x2 
(HN03rate 42.5 mlh-1); 
t=1.687 x+1.00 xý 
The equations give the reaction depth x as a function of time t with the coefficient for Ts in 
umts of ksmrn7 I and for Týa2,, in ksrnrný. 
In Figure 127 the reaction depths deduced from these equations are compared with the 
measured values and are found to be in good agreement. For practical applications this 
calculation can be used to predict the binder removal time made at long time scales. 
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Figure 128 The data from Figure plotted as t/x vs x from which equation -1ý1- is 
deducted. 
3.11.2 Reaction kinetics 
The ten-n "catalytic binder removal" is derived from the mode of the polyoxymethylene binder 
decomposition. During acid-catalysed hydrol YSiS146,147 the backbone chain molecule is readily 
cleaved in the presence of an acid (Figure 20). The new hydroxyl end groups are unstable and 
are starting points for the unzipping of the chain segments 147 . Thus exposing the ceramic 
injection moulding suspension to a nitric acid environment leads to the decomposition of the 
polyoxymethylene based binder. At a temperature of 180 'C and in the presence of oxygen, 
the decomposition is reported to have an auto-acceleration nature"' as a consequence of the 
actions of the degradation products, fon-naldehyde and fonnic acid which act as a feedback 
into the loop. However in the present case the reaction temperature is II OT and the chamber 
environment is flooded with nitrogen and so oxygen is excluded from the reaction. This is 
I- - because the degradation product formaldehyde is highly reactive and would create an 
explosive mixture with oxygen. 
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Experimental observations clearly reveal that the binder removal process requires a constant 
refreshing of the acid atmosphere otherwise the reaction would not proceed. This implies the 
consumption of nitric acid. To assesthe stoichometric factor b for the reaction: 
HN03(g) +b [-CH20-] (s) ---- products (4) 
a glass tube (Figure 30, Section 2.3.3) was filled with granules of the injection moulding 
suspension and placed in the oven at I 10 'C. A small amount of nitric acid (0.5 -I g) was 
evaporated and piped together with nitrogen through the packed feedstock assembly. At the 
entrance to the tube, the nitric acid-containing gas caused decomposition of the binder and 
this was clearly visible by the white alumina powder exposed on the surface of the granulate. 
Towards the end of the 300 mm long tube, the feedstock revealed no decomposition. In some 
cases, the coarse granulate was milled to increase the reaction surface area but no influence 
on the stoichometric constant was found. From the weight loss, b was calculated. With no 
systematic influence of variations in nitric acid mass, b was found to be 10.5 ± 4.5 (n = 6). 
The possible decomposition of the nitric acid upon evaporation is not accounted for and while 
an escape of nitric acid which has not taken part in the reaction can not be excluded the 
localisation of the decomposition at the entrance suggests this did not occur. The result 
indicates that the overall process is not 'strictly catalytic and is certainly not auto-accelerating. 
Taking acid-catalysed hydrolysis to be the initial mode of degradation followed by an 
unzipping of the polymer backbone molecule, this process leads to the degradation product 
fon-naldehyde. Formaldehyde is reported to react with nitric aCidl93-196 fonning formic acid 
and carbon dioxide, water, nitric oxide. Furthermore nitric acid is subjected to self 
, 192,197,198 decomposition forming nitrogen dioxide, water and oxygen'9' . 
These side reactions 
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may explain the up-take of nitric acid during the binder removal process. Additionally it is 
unreasonable to assume that this sequence of reactions do not interfere with each other. 
The consequence for the calculated nitric acid concentration in the ftimace (Table 6) however 
can be neglected because the mole fraction of fornialdehyde is over one order of magnitude 
lower than the mole fraction of nitric acid delivered into the fim-lace. This was calculated for a 
rutric acid rate of 30 mIK' and the formaldehyde created from one 15xl5x45 mm sample 
placed in the fiumace. However if the oven is fully loaded, the reaction surface increases 
dramatically and a higher formaldehyde concentration may reduce the nitric acid mole fraction 
in the furnace. The consequence is a lower reaction rate in a fully loaded ftimace. 
The interactions of the side reactions in the powder layer are more complicated. Temperature 
measurements in the samples during binder removal (Figure 13 1) revealed anendothen-nic 
temperature drop as binder removal was started, and this is caused by the endothermic 
decomposition of the formaldehyde. If the nitric acid flow was stopped during binder removal 
the temperature in the sample rose above the oven temperature indicating an exothermic 
reaction taking place in the powder layer. It is assumed that at this stage the exothennic 
decomposition of formaldehyde takes place. The implication from this assumption is that 
during binder removaL fomialdehyde may react with the nitric acid during counter diffusion in 
the powder assembly. Thus the nitric acid concentration in the powder assembly is not only a 
fimction of the Musion coefficient it may be finiher reduced by the reaction with 
fon-naldehyde. 
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However assun-fing a first order reaction, the overall rate expressed as the rate of 
consumption of nitric acid (mol m -2 S-1 ) by the surface chemical reaction going to completion 
is: 
rate = K[HN031 (5) 
The rate of consumption of nitric acid can be equated to the rate of depolyTnerization of 
polyoxymethylene by 
rate 
p, dx 
b dt 
(6) 
where b is the stoichiometric factor equal to 10.5, p, is the molar density of the 
polyoxymethylene. The initial linear rate of reaction is equal to I/Tso that 
x=0 
bK[HN031 
PS 
(6) 
Here, K is the rate constant for the reaction having units ms-' where the rate is expressed as 
moles of gaseous reactant per unit time per unit area. The molar density p, was calculated to 
be about 18.5 kmol m -3 . 
The reaction rate constant can either be deduced from the intercept -r or from the measured 
slope (dx/dt),. The results from the measured initial slope are given in Table 7. For the long 
time binder removal experiments K was calculated from I/T giving 12.48 x 10-4ms-1,8.03 x 
10 -4 ms-I and 7.01 xI 0-4ms-1 for the pump setting 21.6 mlh-1,31.3 n-flh-1 and 42.5 mWl 
respectively. 
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Table 7. Reaction rate constants deduced from initial gradients. 
[HN031 reaction rate K, 
mo I M-1 nnis -1 10-4 MS-1 
0.1705 39.59 4.12 
0.2353 68.32 5.15 
0.3035 77.92 4.55 
0.3856 129.1 5.94 
0.5977 255.5 7.58 
0,7689 259.3 5.98 
0.7793 298.2 6.79 
1.1022 300.5 4.84 
1.4783 356.4 4.28 
3.11.3 Experimental Gaseous Diffusion Coefficient 
At a time t, the flux of nitric acid traversing the porous ceramic layer J is related to the 
effective difflusion coefficient in the layer, D., and the concentrations at the reaction front and 
in the ftimace Q and C, respectively by: 
j=p, dx 
= -De 
ci - cl 
b dt x 
(7) 
This assumes that the boundary moves sufficiently slowly that transient effects are 
inapplicable and that the surface mass transfer coefficients are effectively infinite. The 
concentration at the reaction boundary is itself related to the rate of movement by: 
Ci p, 
dx 
bK dt 
(8) 
and C,, is related to the initial rate of reaction, K, by 
Results and discussion 192 
Co = 
PS 
rbK 
Substituting (8) and (9) into equation 7 gives; 
dx 
Kx --- ýýE dt dt. 
) 
If the boundary movement f6flows equation 3 then 
dx I 
dt 
. 
C- 
- trom which 
2 
r(I +2 as 
De :: z: ]Q2(J2s 
(9) 
(10) 
(11) 
(12) 
The shrinking core reaction modulus a, is dimensionless if reaction depth is plotted in 
dimensionless form but has units M-' when reaction depth is plotted as in Figure 128. 
Using data deduced from the three experiments conducted for long times, the effective 
diffusion coefficients given by equation 12 are 5.06xl 0-7 , 
6.07xl 0-7 and 6.07x 1 0-7 M2S-1 
for 
the pump setting 21.6 mlh-1,3 1.3 n-dh-' and 42.5 mlh-' respectively. These values, which are in 
close agreement, reflect the counter diffusion of nitric acid vapour against an outward flux of 
formaldehyde in a porous body. The latter includes fine pores which place the transport in the 
slip or Knudsen flow regime. The problem now is to compare this experimentally measured 
coefficient with values deduced directly from the theory of gases. 
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3.11.4 Calculation of Diflusion Coefficients 
The mutual diffusion coefficient of the gases can be calculated from molecular dimensions and 
concentrations, using the data in Table 8. For diffusion in binary gas mixtures the simplest 
expression is 
DAB = 
(V'A + V'B) 
(13) 
3)7n (TAB 
The data for the nitric acid-fonnaldehyde mixture yield DAB=2.4xlO-Ws-'- 
The more precise Chapman-Enskog expression is explored'99 and needs more supporting 
-1 -ý clata: 
8.4lx 10-2 -T 
312 
DAB 
112 2 MAB (TAB QD 
(14) 
where 
MAB= 2[IA4A+I/N4B]-' and, as in equation 11, aABis the arithmetic mean of coffision 
diameters. The dimensionless termf2D is a function of temperature, and the characteristic 
Lennard-Jones energy & for which the geometric mean is used in the case of a gas mixture. A 
wide range of values for 6/k is given'99, where k is Bohmnann's constant. Fortunately, QD is 
not sensitive to error in EA. Thus, taking values of FA in the range 300-500K corresponding 
to molecules of similar dimensions to the gas mixture of intetest here, gives DAB= 1.1 - 1.4 x 
10' ný s-'. 
The theoretical diffusion coefficient must be adjusted to account for flow in a porous body 
and a favoured approach adopted for a similar problem in ceramic bodieS200 is to include the 
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e porosity e, which assumes a parallel fibre bundle structure giving D AB = eDAB. Thus taking 
account of a porosity of 0.44 in the reacted shelL the diffusion coefficients predicted by 
equation 14 become 5.0 - 6.2 xI O-Ws-'. 
This assumes moreover that the mean free path is much smaHer than the pore radius. Since 
the powder is composed largely of submicron particles, this is not so. Thus, for spherical 
monodisperse 0.7ýtm particles the pore diameter is - 0.1 ýtm which is comparable to the mean 
free paths in Table 8. When A<0.1 the Knudsen Musion coefficients are given by 
2- DKA -r VA 
3 
(15) 
Putting r=0.7ýtm gives for CH20 DKA= 2.4x I 0-5M2S-1 and for N2, DKB= 2.5 x io-5M2S-1 
When porosity is considered these values become 1.06xl 0-5M2S-1 and 1.1 XI 0-5M2S-1 
respectively. 
Although these simple calculations neglect the complexity of counter diflbsion and the 
possibility of forced convective flow they give an idea of the magnitude of the gaseous 
diffusion coefficients and are in good agreement with the experimentally obtained values. 
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Table 8. Properties of unmixed gases at 383K 
CH20 N2 HN 
molecular weight/kg 0.030 0.028 0.063 
effective diameter/nm 0.34 0.29 0.45 
atomic concentration/I 02' atoms ryf' 1.92 1.92 1.92 
mean free path/ýim 0.14 0.19 0.08 
rms velocity/ms-' 560 580 360 
3.11.5 Binder removal defects 
Figure 129a shows a 25 mm thick alumina moulding made with 60 NWa hold pressure 
after binder removal and sintering. The fracture surface revealed this characteristic defect 
pattern. Cracks run parallel to the moulding surface and become concentric towards the 
moulding centre. Figure 129b shows a moulding processed at quite a different holding 
pressure (6 MTa) which was mechanically fractured after binder removal but before 
sintering. The defect patterns in the mouldings before and after sintering clearly 
correspond in terms of shape and location. The individual shells are at the same distance 
from the surface for mouldings from this binder removal batch. It quickly became clear 
that there had been a processing discontinuity in that batch. 
a) 
b) 
lomm 
Figure 129 25 mm thick insulated sprue mouldings a) fractured after binder removal, b) 
fractured after sintering. 
Figure 130 shows X-ray radiographs from mouldings which were produced over a wide 
hold pressure range from 20 MPa to 120 Wa but were processed in the same binder 
removal furnace charge. The location of the concentric crack pattern is identical in each 
moulding. It was shown that the pattern of cracking which results from different hold 
pressures applied during solidification in the mould cavity gives rise to distinct and 
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distinguishable arrays of defects in X-ray radiographs (Figure 109) and in many cases, 
mouldings without any of these cracks are produced if binder removal is correctly 
executed. 
0 
i 
20 MPa 80 MPa 120 MPa lomm 
Figure 130 X-ray radiographs from 25 mm thick sintered alumina mouldings 
manufactured with various hold pressures. 
To investigate these concentric defects and their presumed relation to the binder removal 
process, the follow parameters w ere deliberately interrupted or changed during binder 
removal; a) acid concentration, b) chamber gas circulation and c) oven temperature. 
These simulated disruptions are of great practical relevance and may easily be 
inadvertently introduced. The long lasting binder removal (up to 550 ks) for thick 
moulding sections (25 mm) may require the exchange of the nitric acid bottle (I litre), the 
nitrogen or the burner gas bottles. As a result, the constant rate of acid input to the oven 
may be interrupted and the acid concentration in the chamber environment may change. 
, 
for example, the acid runs out, the concentration decays and the process tempora ily if In 
stops. The acid transport into the oven is also stopped by the safety system of the oven if 
either the nitrogen, which acts as an inert carrier gas, or the gas supply for the after- 
burner run out. 
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Samples measuring 30x38x45 mm and 8xl2x2O mm were equipped with thermocouples 
according to the scheme in Figure 31 and placed in the oven during binder removal. 
Figure 131 shows the temperature record as a function of time in the oven environment 
both at the moulding centre and at the surface of the samples. The oven was constantly 
flooded with 500 I/h nitrogen. As the oven and the samples reached the processing 
temperature of I 10 'C the liquid nitric acid was pumped in to the oven environment at a 
constant rate of 68 ml/h. The graph shows a rapid response of the temperature in the 
samples caused by the exothermic decomposition of the polyacetal binder. The minimum 
at the centre of the 8 mm thick sample occurs after 360 s. The enthalpy of 
depolymerisation for the polyacetal binder is 63 U mol-1 being both high and positive' 53 . 
A 
-C), 
Auer an initial temperature minimum, the temperature of the samples gradually 
approached the oven set temperature. r, 
The behaviours of the thin and the thick samples were different. Having a lower ratio of 
volume to surface area, the thinner samples showed a quicker response and cooled down 
to about 102 'C. The thicker mouldings showed a slightly less pronounced temperature 
drop. Except for the initial temperature drop there was almost no difference in 
temperature between the centre and the moulding surface measured in the thinner 
samples. In the thicker samples, the temperature was only about I 'C higher at the 
surface. This indicates a very shallow temperature distribution in these mouldings during 
binder removal. This part of the experiment demonstrates that temperature differences of 
up to 8K can prevail in this process. The fact that this occurs at the start of 
q 
decomposition where the moulding consists of strong ceramic-polymer composite means 
0 
that it is not harmful. Temperature changes which result in differential expansion at a 
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later stage where part of the sample is a po lymer- depleted ceramic skeleton may not be 
so forgiving. 
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Figure 131 Temperature traces in the oven environment and in a 30x38x45 mm and 
8xl2x2O mm thick sample at the moulding surface and at the moulding 
centre during a binder removal run in which the nitric acid supply (68 ml/hr) 
was interrupted. 
After 7.68 ks (128 min) the nitric acid delivery was interrupted for 2.64 ks (44 min). As a 
response, the sample temperature rose slowly to reach the oven temperature as the 
endothermic reaction slowed. The oven temperature was also influenced by these 
changes; both the initial endotherm and the reheating, to the extent of about 0.5 K within 
the control band. The slow rise to I 10 'C after the nitric acid was stopped is associated 
with the gradual exhaustion of nitric acid from the pores of the sample; the nitric acid in 
the furnace atmosphere having been quickly swept by the nitrogen flow. Renewed 
starting of the process led to an initial temperature rise followed by a temperature 
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reduction in the samples. The low but clearly distinguished temperature increase in the 
mouldings after restarting the acid transport into the oven environment indicates an 
exothermic reaction presumably caused by the oxidation of formaldehyde by the nitric 
i acid 
194,195 
. In the initial binder removal process however, this exothermic reaction is not 
detected because it is overwhelmed by the initial and pronounced temperature drop 
caused by the endothermic decomposition of the polyacetal binder. On restarting the 
binder removal process when the interface is already well advanced into the moulding, 
the short temperature rise corresponds to the exothermic oxidation of formaldehyde 
already present in the alumina powder layer. 
The consequences of acid interruption during binder removal for the development of 
defects are displayed in Figures 132a and 132b. They show 20x2OxlO rnm thick samples 
sectioned from a 25 mm thick moulding processed at 60 MPa hold pressure. During their 
binder removal at constant nitric acid rate of 65 mllf', the acid supply was intentionally 
mterrupted for 0.6 ks, 2.7 ks and 61.2 ks after steady flow for 4.7 ks, 7.8 ks and 14.4 ks 
respectively. The sample in Figure 132a was mechanically fractured after binder removal. 
A concentric crack pattern is visible in the fracture face. Figure 132b shows a polished 
section of a sample having the same size which was a companion in the same batch and 
which displays exactly the same crack pattem in the sintered ceramic. This pattem is 
consistent with the moulding defects shown in Figures 129a and 129b where a fracture 
surface perpendicular to the one in Figure 132a and 132b is displayed. 
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Figure 132 Defects in IOx2Ox2O mm thick samples cut from insulated sprue mouldings 
a) fractured after binder removal, b) sintered and polished surface. 
Figure 123 shows a polished section of a sample from which the binder was partly 
removed. The unreacted core is clearly visible and is surrounded by the ceranuc powder 
layer from which polyacetal has been expelled. As shown in Figure 124 the interface is 
definable by scanning electron microscopy to within about 3 [tm or six particle diameters. 
By using a technique for interrupting the binder removal process instantaneously it was In I 
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shown that the concentric crack pattern found in the samples displayed in Figure 132 
appeared along this interface during binder removal. 
Plotting the distance from the moulding surface to the cracks and hence the depth of the 
binder interface at the time of interruption as a function of time reveals how the binder 
interface gradually moves into the moulding and is displayed in Figure 133. The graph, 
which is obtained from samples processed at a nitric acid rate of 65 ml/h is in good 
agreement with the measured reaction depths. The lower pump settings used lead to a 
reduction of the removal rate and corresponding reaction depths from Figure 127 are 
also plotted in Figure 133. 
5 
E 
E 
0- 
0 
0 10 15 20 25 30 
time/ ks 
Figure 133 Distance between the moulding surface and the defect as a function of time 
compared with the measured reaction depth. 
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To record the exact location of the interface during binder removal, samples were 
positioned in the oven in such a way that they could be dropped into a silicone oil bath at 
the same time as the interruptions were initiated. For these samples, the binder removal 
reactions stopped immediately. The location and shape of the unreacted core could then 
be compared with the defect pattern found in the samples processed at the same time as 
their companions in the oven. The result was unambiguous. The defect patterns clearly 
map onto the remaining unreacted core. Thus the defects are created along the 
polyacetal-gas interface during the discontinuities imposed on the binder removal 
process. Attention to Figures 132a and 132b indicates three concentric crack lines. These 
cracks correspond to the position of the binder interface at the times when the acid 
supply was interrupted. The cracks are more pronounced at the curved regions near 
comers. They either travel along the interface, in extreme cases separating a complete 
core, or as shown in Figure 132, start from the curved interface but then deviate from the 
mterface and move in a straight line into the brittle ceramic layer. 
In the following experiment the gas circulation in the furnace was also shown to have an 
effect on reaction rate and temperature uniformity. Figure 134 shows the temperature 
recorded by an embedded thermocouple in an 8xl2x2O mm alumina sample during binder 
removal. The nitric acid rate was constant at 40 ml/h and during binder removal, the fan 
in the oven chamber was switched off for 0.9 ks (15 min). This interruption led to a rapid 
temperature drop in the oven and, as a result, the temperature in the moulding centre 
dropped by about 3 OC. As the fan was switched on again, the oven and sample 
temperatures re-established themselves. This temperature variation in the mouldings 
again led to a concentric crack pattern. After 28 ks the sample and furnace temperatures 
converged implying the reaction had ceased. 
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Figure 134 Temperature trace in the oven environment and in the moulding centre 
during a binder removal run in which the oven gas forced circulation was 
interrupted. 
A similar temperature drop in the moulding centre appeared if the acid rate was increased 
during binder removal. Figure 135 shows the temperature trace in the centre of an 
8xl2x2O mm sample during binder removal as the initial nitric acid rate of 20 ml. /h was 
doubled to 40 ml/h for 0.6 ks and afterwards reduced to 20 ml/h. The temperature drop 
measured in the moulding centre is again explained by an increase in the endothermic 
decomposition of the polyacetal binder and hence to a temperature reduction at the 
reaction interface. 
Unlike the nitric acid interruption which led to a temperature rise in the samples (Figure 
13 1), an increase in the nitric acid flow rate or the failure of the oven circulation led to a 
sudden temperature decrease. The samples processed according to the schedule in Figure 
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135 did not present a defect. However an increase in acid flow rate from 20 ml/h to 60 
ml/h which is likely to be associated with a more pronounced temperature drop did cause 
a concentric crack defect. Thus the effects of increased nitric acid flow rate on defects 
were similar to those of nitric acid starvation. 
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Figure 135 Temperature trace in the oven environment and in the moulding centre 
during a binder removal run at which the acid concentration was increased. 
The magnitude of the temperature change in the mouldings seems to influence the 
incidence of defects. Samples processed with the temperature drop of 3K shown in 
Figure 134 which was caused by the interruption of the oven circulation for I ks 
produced a defect but a shorter interruption of 0.6 ks (for which the moulding 
temperature was not recorded) but which was expected to lead to a less pronounced 
temperature drop did not produce a defect. Similar results were obtained on changing the 
acid concentration as described above. Thus it appears to be the severity of the sudden 
temperature change that matters. 
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This could be confirmed by changing the oven temperature whilst leaving the other 
parameters constant. A gradual temperature drop of 7xI 0-3 'C/s down to 105 'C in the 
oven did not initiate a defect, whilst a drop in oven temperature down to 100 'C did. 
Although the temperature changes in the mouldings themselves where not measured 
during this experiment, the result confkms that temperature changes during binder 
removal are responsible for defects. 
Thus it can be seen that temperature changes during binder removal that are caused by 
processing discontinuities are responsible for the characteristic concentric crack pattern 
found in the 25 mm thick mouldings and shown in Figures 129,130 and 132. It would 
augment this thesis to show that the binder can be removed from such large mouldings 
without the creation of such defects if processing discontinuities are avoided. 
Figure 136 shows the temperature traces measured in the oven and in the centre of a 
25x45x55 mm thick sample for the first 30 ks of a 600 ks binder removal run. The 
sample was prepared with an embeded thermocouple according to the scheme in Figure 
4 and placed together with thirty 25x45x6O mm, seventeen 20x45x6O mm and ten 
15x45x6O nun thick alun-fina mouldings in the oven. The oven temperature was set at 
10 IC within ±I 'C and after I hour preheating, the rutric acid was constantly metered 
at 30 ml/h into the oven. The oven was fully loaded, the settings used and the procedure 
followed represent the commercial application of this process. As in the experiments 
described above, the initial endothermic decomposition at the moulding surface led to a 
reduction of the temperature in the mouldings. Unlike the temperature traces shown 
above where only a few small samples were placed in the oven, the oven temperature 
here reveals a pronounced temperature drop at the initiation of the process. 
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Figure 136 Temperature trace in the oven environment and in the moulding centre 
during a commercial binder removal run at full oven loading. 
Two reasons may give rise to this effect; the endothermic evaporation of the nitric acid 
metered in to the oven or the endothern-lic decomposition of the polymer binder may 
both contribute to cooling. Since the oven loading and hence the sample surface area has 
a pronounced influence on the magnitude of the temperature drop, the latr is held 
responsible. 
Figure 137 shows a fracture surface broken after binder removal of a 20 mm thick 
moulding which was representative of the 57 samples in the batch. It reveals a smooth 
fracture surface without any sign of the concentric crack pattern. This result indicates 
that temperature control in the oven environment once the reaction is underway and a 
constant delivery of nitric acid prevents sudden temperature variations in the mouldings 
and does not lead to defect initiation during the binder removal process. 
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Figure 137 Fracture surface of a 20 mm thick moulding broken after binder removal free 
of the concentric crack pattern. 
The main mechanism leading to cracking is differential thermal expansion. The thermal 
expansion coefficients of the ceramic suspension and the ceramic powder assembly after 
binder removal were measured as 7.4 x 10-5 'C-1 and 3.2 x 10-6 'C-' respectively. The 
value for the powder assembly is lower than the theoretical coefficient for alumina 
(5.5xl 0-6 K- )20 ' because of the scope for particle rearrangement under light push-rod 
loading. 
A temperature rise in the sample, for example In the case of a nitric acid Interruption 
according to Figure 13 1, leads to a significant relative expansion of the unreacted core 
compared with the surrounding powder assembly. A temperature drop in the sample that 
is caused by an increasi id concentration or by an arrest in the oven circulation in the ing aci 
chamber (Figures 134 and 135) causes a relative contraction of the unreacted core with 
respect to the powder layer. 
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The relative displacement between the unreacted core and the powder shell is 
proportional to the temperature change and the length of the interface. This implies an 
influence of the moulding length as a critical factor. A3 'C temperature change during 
binder removal would cause a 2.1 ýtm relative shift at both ends of a 20 mm long binder 
interface corresponding to about 3 particle diameters. In a smaller moulding, for example 
with a5 mm long binder interface, the maximum relative displacement between the core 
and the powder layer is only 0.53 gm or about 1 particle diameter. This explains the 
preferred appearance of this defect pattern in thicker mouldings. It also offers an 
explanation for the preferred appearance of the cracks at the curved edge (Figure 132). 
This is because the displacement between core and shell along the binder interface 
increases proportionaRy from the middle towards the edges. 
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3.12 Differential Sintering 
The pronounced widening of cracks in conventional mouldings (Figure 71, Section 
3.4.3) as well as noticeable deformation of mouldings observed during sintering indicate 
differential sintering. To investigate this phenomenon the linear shrinkage in 25 mm thick 
insulated sprue mouldings was measured. To give finiher evidence of the influence of 
particle shape, t different powders were used: a comminuted alumina powder (Figure 
35a) and chemicaUy-derived zirconia powder (Figure 35b). The alumina particles show 
plane surfaces and have noticeable anisotropy of shape. The zirconia particles are more 
spherical, having no plane surfaces and no apparent anisotropy of shape. 
Figures 138a and 139 show the linear shrinkage during sintering in alumina and zirconia 
mouldings. The shrinkage was measured on a 12x6x45 mm bar (shown in Figure 34a) in 
the moulding centre and also close to each moulding surface. Pronounced differential 
shrinkage during sintering was found in the bars cut from alumina mouldings. The results 
showed that the linear shrinkage varied between 15 % and 20 %. The biggest sintering 
differences between centre and surface were measured in the x-direction which is the 
main filling direction. A maximum shrinkage was measured in the moulding centre and a 
minimum along the surface. Similar results were found in the z-direction but were less 
pronounced. In the y-direction, the results are reversed: a minimum was found in the 
moulding centre and a maximum along the moulding surface. 
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Figure 138 Linear shrinkage in the x, y and z-directions for bars of alumina cut from 
large mouldings according to the sectioning protocol in Figure 34a. The 
results from Zhang et al. (ref. 170) are plotted for comparison. 
In the zirconia mouldings (Figure 139) no noticeable differences were found. The 
average linear shrinkage of AVIO = 22.6% ± 0.6% was seen over the whole range of 
holding pressure, independent of location and direction. 
Similar results were reported by Zhang et al"'. Figure 138b shows the linear shrinkage in 
their injection moulded alun-dna bars of l5x. 2Ox45 mm plotted on axes for direct 
centre 
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comparison with the present work. They used two different grades of alumina powder: a 
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plate-like powder and a more spherical powder. The results are in surprisingly good 
agreement with those of this study. In both cases the plate-like alumina powders 
produced significant differential shrinkage when ceramic injection mouldings were fired 
while the more spherical or equi-axed powders (marked as F1500) produced 
homogeneous densification during sintering. 
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Figure 139 Linear shrinkage in the x, y and z-directions for bars of zirconia cut from 
large mouldings according to the sectioning protocol in Figure 34a. 
Figure 140 shows the volume shrinkage in zirconia and alumina mouldings during 
densification. Whilst zirconia reveals a relatively constant shrinkage of AVNo = 53.6% ± 
centre surface 
0.7%. quite close to the theoretical value of 53.3%, the volume shrinkage in alumina 
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appears to be influenced by the applied hold pressure and can vary in the same moulding 
by up to 2.4%. This variation in volume shrinkage seen in Figure 140 for alumina 
mouldings is much lower than that which would be deduced from measurement of linear 
shrinkage in the x-direction alone (Fig. 138a). This is because in each case, a high linear 
shrinkage in one direction is compensated by a low linear shrinkage in orthogonal 
directions and Figure 138 clearly shows this. This behaviour is characteristic of 
differential sintering caused by aligned anisotropical-ly shaped particles. 
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Figure 140 Variation in volume shrinkage calculated from the three orthogonal linear 
shrinkages for zirconia and alumina as a function of position and hold 
pressure. 
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It remains to explain the variation of 2.4% in volume shrinkage which, as Figure 140 
shows, occurs at higher hold pressures in the alumina mouldings and is absent in the 
zirconia mouldings and therefore not easily attributed to experimental error. It could be 
explained by differences in prefired densities which are associated either with differences 
in polymer crystallinity or with the presence of porosity in the as-moulded state. It has 
been shown in Section 3.8 that only 10% of the measured density variation can be 
attributed to differences in polymer crystallinity. The implication is that the remaining 
difference is attributable to microporosity. Inspection of polished cross sections from this 
alumina mouldings showed that the centre contained inter- spherulitic microporosity 
(Figure 100). The cause of this is to be found in the solidification behaviour of the 
polymer-ceramic composite associated with a pressure decay before complete 
solidification of the moulding centre and the creation of spherulites described in Section 
3.10. After sintering samples which previously showed a decoration of porosity on the 
spherulite grain boundaries, this porosity disappeared. They can therefore be held 
responsible for the supplementary volume shrinkage seen in the centre region of the 
alumina mouldings. 
In order to relate differential shrinkage to the flow and filling behaviour in injection 
moulding, the transverse and longitudinal shrinkage in an extruded ceramic cylinder were 
measured (Figure 34c). The cylinder was extruded through a 10mm thick nozzle into air 
and afterwards cut into sections. Figure 141 shows the deformation measured across the 
base of the extruded ceramic cylinder which appears as a concave hollow after sintering. 
The measured linear shrinkage across the diameter Ad/do = 0.179 ± 0.003 is significantly 
higher than the isotropic linear shrinkage of 16.8 % associated with the final 98.2 % Cý 
density of an assembly of initially relative density 55.7 vol. %. The longitudinal linear 
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Figure 141 Shrinkage deformation across an extruded ceramic cylinder after sintering 
shrinkage at the cylinder surface (Al/ý), = 0.153 ± 0.003 was about 1.5 % lower than the 
isotropic shrinkage. The shrinkage at the centre of the cylinder was (Al/10)2 = 0.1984 ± 
0.0017 and was about 3% higher than the isotropic shrinkage. The parabolic-like 
shrinkage distribution in the extruded cylinder can be related to the velocity profile of the 
melt. Thus a relationship of the flow characteristics and to the proposed particle 
alignment emerges. In Uematsu's work 160 the packing arrangement of an apparently 
equiaxed alumina powder which showed no shape anisotropy in the scanning electron 
microscope was investigated. They found particle alignment in a 5-6 mm diameter sprue, 
with the slightly elongated axes parallel to the flow direction. This is consistent with a 
preferred particle afignment along the cylinder surface which causes the lower firing 
shrinkage observed. The higher longitudinal shrinkage at the centre of the cylinder may 
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be caused by particle alignment perpendicular to the flow direction which corresponds 
with the orientation expected from other studies""". 
As the melt front enters the mould, a layer of solid develops on the mould waHs". The 
thickness of this solid and stationary layer depends on mould and melt temperature, on 
filling time and injection speed 
55. Studies with open-ended moulding 
15' 
and modulated 
pressure moulding"9 reported an increase in preferred particle orientation from the 
moulding walls inwards. In open-ended moulding, the melt flows continuously through 
the moulding during solidification and in modulated pressure moulding an oscillating 
hold pressure creates a reciprocating melt flow as the moulding solidifies. In both cases, 
particles became aligned as the melt flowed adjacent to the stationary solid layer. 
In an extension of this work, the shrinkage distribution throughout a 25x45x6O nun thick 
insulated sprue alumina moulding made using 60 NWa hold pressure was investigated 
using cube-shaped samples cut according to Figure 34b. Figure 142 is a map of the linear 
sintering shrinkage throughout an alumina moulding giving a pictorial visualisation of the 
shrinkage in x-, y- and z-directions. These results reveal a systematic pattern of 
behaviour consistent with the observations reported above. A high linear shrinkage was 
always found perpendicular to the die walls. In the y-direction for example, a maximum 
appears along the middle of the front and back face of the moulding. In the z-direction F 
the maxima are mainly along the bottom-face opposite the gate, associated with a smal-ler 
maximum on the top-face. In the x-direction, the maxima are along the right and left 
faces and are associated with a maximum in the moulding centre. In each case, a high 
shrinkage appears perpendicular to the die wall corresponding to the alignment of 
particles parallel to the die wall. 
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Investigations on mould filling (Section 3.2) show a preferred melt flow opposite the 
gate (Figure 46) indicated by the asymmetric melt front established during mould filling. 
As a result, an asymmetric shrinkage in the z-direction is observed (Figure 142) with a 
maximum shrinkage opposite the gate. The particle alignment also caused a maximum 
shrinkage in the y-direction located at the front and back face of the moulding. This 
symmetrical linear shrinkage in the y-direction indicates the gate position in the moulding 
as preferred aligment appeared on the front and back face closer to the gate. 
Inculpating particle orientation as the cause 
162-167,169,170 
of the observed differential 
sintering and considering a flow-induced aligmnent of particles 
118-161 
, the results present a 
sound correlation between mould filling and differential sintering in ceramic suspensions 
with slight anisotropy of particle shape. The melt stream enters the mould cavity having 
already acquired preferred particle alignment. When the melt touches the die wall, a thin 
layer quickly solidifes". As the suspension continues to flow, a gradually increasing solid 
layer with occluded particle allgnment develops. However as the mould filling takes less 
then 2s, only a thin layer solidifies during mould filling and the majority of the moulding 
contents solidify after mould filling. Since the orientation effects continue to be seen at 
much greater depth, it must be velocity gradients, no matter how small, during mould 
filling and during the packing stage that are responsible for the preferred particle 
orientation. Some alignment might be caused during flow at low shear rates as the mould 
is packed to compensate for shrinkage. 
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Figure 142 Maps of linear sintering shrinkage throughout an alumina moulding for the 
three directions. 
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Conclusions 
This work shows that, in many cases, the stage at which defects appear makes it difficult 
to find their true origin. The problem of understanding the creation of defects in ceramic 
injection moulding in general is attributed to the complicated interrelation of processing 
conditions as potential sources of defects. One type of defect may have several 
influencing variables which superimpose. A major part of this work is to distinguish 
them. In the case of residual stress-related cracking, for example, the causality of defect 
creation connects to many processing variables. No matter which processing settings are 
chosen, the complicated sequence of solidification leaves residual stresses in the 
mouldings. It is questionable if residual stresses can be called defects at the early stage. 
In the as-moulded stage they are more a potential source for defect creation. The 
subsequent binder removal process reveals if or if not the stresses initiate a crack in the 
moulding. During binder removal, the mouldings are in a highly unstable state and the 
level of residual stress may be close to the threshold of crack creation. As a result, the 
incidence of these defects is highly sensitive to the processing conditions. Thus defects 
may appear for which the origin is uncertain. To resolve this problem, fine and controlled 
injection moulding machines are required. The results of this work demand a lower hold 
pressure range. 
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4.1 Mould filling 
First the problem of filling large cavities in the injection moulding of ceramics was 
investigated. The low die-swell of the melt led to jetting as the stream entered the cavity. 
In the case of the smaHer cavity (15 mm) this behaviour could be overcome by increasing 
the nozzle diameter and by modifying the cavity shape so that the jet strikes 
perpendicular to the cavity wall rather than being deflected by an angled adjacent wall. 
For larger cavities, 25 mm and 35 mm, the jetting reappeared and led to weld lines on the 
moulding surface. The weld lines in short shots show clear development of cracks after 
sintering. In the fully injected mouldings (95 MPa injection pressure) the optical 
microscope shows only a blunt notch as a surface relic of the weld line. The scanning 
electron microscope, however, reveals a fine crack which emanates from the notch. Thus 
jetting in ceramic injection moulding which is Prevalent in the filling of large cavities can 
create critical defects at the surface which are expected to reduce the mechanical 
strength of the product. 
4.2 Solidification in conventional mouldings 
In 15 mm thick conventional mouldings a narrow processing window was established 
within which mouldings were free from macroscopic defects after sintering. Increasing 
the moulding size led to the creation of voids caused by the premature pressure decay in 
the mouldings during solidification. The melt in the conventional steel sprue solidified 
after 26 s and sealed the applied pressure from the moulding centre. In 25 mm thick 
mouldings this lead to a premature pressure decay and hydrostatic tension in the final 
stage of solidification causing a separation between coarse spherulites in the moulding 
centre. At higher hold pressures (>80 Wa) voidage was prevented but cracks appeared 
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in the mouldings. In the 35 mm moulding the hydrostatic tension lead to the creation of 
large bubble-like voids at hold pressures from 40-120 NWa. 
During binder removal cracks were created in both 25 mm and 35 mm conventional 
mouldings and were associated with residual stresses in the mouldings. After sintering 
these cracks widened and new cracks appeared in the mouldings. 
4.3 Assessment of gate sofidification 
Three experimental methods to assess runner solidification time of conventional 
mouldings were compared with each other and with theoretical calculations. The method 
of detecting weight changes in mouldings was found to be very inaccurate because the 
runner arrangement allowed the fully solidified contents of the sprue to act as a piston. In 
contrast, good agreement was achieved between the numerical methods, the cavity 
pressure trace and a novel method of reverse extrusion. The latter allowed the diameter 
of the molten core to be recorded as a function of time up to solidification. The 
numerical methods gave slight underestimates of solidified time because they neglect 
axial heat flow and forced convection both of which prolong solidification. 
4.4 Insulated sprue moulding: elimination of shrinkage voids 
In order to prevent the premature pressure decay an insulated sprue was designed. This 
prolonged the transmission time for the applied hold pressure by a factor of about 10. 
Although the gate itself stayed open, an approximately 6 mm thick section was sealed off 
in the 25 mm thick moulding centre. This illustrates the limits on the moulding section 
thickness for insulated and heated sprue mouldings. 
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The use of a constant applied hold pressure in a range from 0.1 - 100 Wa provided by 
the insulated sprue allowed the production of 15 mn-4 20 mm and 25 mm thick 
mouldings without the creation of voids or pronounced sinking deformation. In 35 mm 
thick mouldings made in a pressure range from 40-120 MPa voids still appeared but they 
were less pronounced than in conventional mouldings. 
4.5 Insulated sprue moulding: elimination of cracks 
During binder removal, all insulated sprue mouldings made at hold pressures above 5 
MPa created a distinct defect pattern. Cracks appeared at 45' starting from the moulding 
comer and are attributed to residual stresses. Insulated sprue mouldings made at high 
pressure revealed tensile stresses at the moulding surface and compression in the centre: 
opposite to the pattern found in conventional mouldings. During binder removal, the 
compressive internal forces in the insulated sprue moulding causes a dilation of the 
unreacted core and induced cracks in the surrounding ceramic powder layer. 
The pressure history during solidification of large mouldings influences the incidence of 
cracks which appear after binder removal. Different solidification conditions can reverse 
the residual stress distribution and this in turn changes the incidence and pattern of 
defects. Compressive stresses were present in the surface of conventional mouldings 
which experienced a short holding time due to sprue solidification. A long applied 
holding time in insulated sprue mouldings gave rise to residual tension in the surface 
layers of 25 mm thick mouldings. At a low and constant applied hold pressure of around 
8 M[Pa the residual stresses were considerably reduced. 
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This residual stress behaviour correlated with overall moulding shrinkage data. Thus, in 
the insulated sprue mouldings made with pressures lower than 10 Wa a pronounced 
moulding shrinkage appeared. During binder removal, mouldings made with the 
pneumatic hold pressure at a hold pressure of 0.1 -1 NVa did not develop cracks. This is 
related to the reduction of residual stresses in large section mouldings made at low hold 
pressures. 
Thus not only can the arrangement of defects be related to the solidification history but 
solidification conditions can be devised which do not subsequently induce defects. The 
incidence and pattern of cracking which presented itself after sintering was quite different 
depending on the moulding conditions during solidification in the cavity. Since the binder 
removal and sintering protocols were identical for all these mouldings the solidification 
conditions are held responsible for the creation of cracks although they may appear at a 
later stage during the binder removal or sintering schedule. 
4.6 Moulding mass and density 
Different solidification histories in the mouldings led to pronounced changes in moulding 
mass and density. The moulding mass decreased continuously with lower hold pressures 
until at about 10 NTa the mass decreased sharply, an effect made possible by overall 
moulding shrinkage. This occurred at constant moulding density and was caused by 
lower pressures in the molten core. Different cooling rates, partly influenced by the effect 
of hold pressure on melting range, had a significant but small influence on the 
crystallinity of the organic vehicle which was insufficient to account for the variation in 
density of mouldings. 
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The appearance of micro- and macro-porosity was observed by optical and electron 
microscopy and was reflected in the moulding densities. Sintered sections in conventional 
mouldings which had solidified while sealed from the applied hold pressure revealed 
voids and increased porosity whereas less porosity was evident in the centre of insulated 
sprue mouldings. The results clearly illustrate the significant role of the solidification 
history in determining the quality of sintered ceran-fic components. 
4.7 Effect of polymer morphology 
Supra-molecular structures found in 25 mm. thick ceramic mouldings resulted from the 
spherulitic solidification of the semi-crystaUine binder and could be traced back to their 
thermal and mechanical histories during solidification. Pronounced temperature gradients 
during solidification led to a skin-core structure which was displayed by a grainy fracture 
surface of the mouldings. The morphology of the core arises because the inter- spherulite 
boundaries guide the fracture path. At higher cooling rates, the "grain size" decreased 
towards the moulding surface and the fracture surface became smoother at the skin. With 
higher mould temperatures, the skin layer thickness decreased and the core size 
increased. A reverse effect was found at ascending hold pressures resulting from 
increasing solidification temperatures that led to a reduction in solidification time and 
inhibition of spherulite growth. 
The fracture path in components fractured after moulding but before binder removal 
followed the polyhedral inter- spherulitic boundaries. It is shown that these boundaries 
have accumulated an enrichment of the low molecular weight processing additive by 
syneresis. 
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After the removal of the polymer binder there are no relics of the polymer structure. 
Fractographs from the powder assembly after binder removal and from the sintered 
ceramic revealed smooth surfaces and did not display the grainy fracture surface of the 
as-moulded stage. Thus the spherulitic morphology found in the as-moulded stage 
cannot be regarded as a source of defects in respect of the sintered mouldings. 
4.8 Modulated pressure moulding 
A further method used to prolong the sprue solidification was modulated pressure 
moulding. Phoscillating hold pressure kept the sprue molten as a result of heat dissipated 
in viscous flow and by heat transferred by forced convection from the heated nozzle. 
Radiographs of 25 mm and 35 mm thick moldings do not show voids or cracks before or 
after binder removal. But a significant concentric pattern of cracks was found on the 
fracture surface after binder removal and cracks developed along these lines during 
sintering. The crack pattern is caused by orientation effects in the constantly pulsating 
melt during solidification presumably increased by the non-uniform shape of alumina 
particles. 
4.9 Decomposition of the polyoxyrnethylene 
During binder removal, the polyoxymethylene vehicle decomposes exclusively at a 
clearly defined reaction interface definable within 3ýtrn. An unreacted shrinking core 
theory was used to describe the gradually inward moving solid-gas reaction interface. 
The initial reaction rate was found to be controlled by reaction kinetics and advanceA 
with a constant velocity to a reaction depth of about I mm. At deeper reaction depths, 
the reaction rate decreased dependent partly on reaction kinetics and partly on diffusion 
across the growing powder shell. The initial reaction rate increased linearly with an 
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increasing nitric acid flow rate but deviated from linearity at higher pump settings (> 30 
mlfh). 
Concentric defects appear in mouldings after binder removal and are attributed to 
discontinuities during the binder removal process. These included a) changes or 
interruptions in the nitric acid supply rate b) interruptions to the furnace gas circulation 
or c) temperature changes in the furnace environment. 
In each case, these disruptions led to temperature variations in the mouldings. The 
different thermal expansion of the solid polymer-ceramic core and the surrounding 
powder layer led to a relative movement and hence to disorganisation of the assembly of 
particles at the binder interface. This causes a concentric defect pattern in the mouldings 
at or adjacent to the moving boundary which can be distinguished clearly from the 
pattern of defects resulting from the injection moulding stage. 
In binder removal carried out within a narrow temperature control band and with a 
steady nitric acid supply rate this type of defect did not appear. The binder could be 
removed from 25 mm thick mouldings without the creation of the characteristic defect 
pattem. 
4.10 Particle shape anisotropy 
The injection moulding of a chemically derived equiaxed zirconia powder and a 
comminuted anisotropicaRy shaped alumina powder were compared. In the case of the 
alumina mouldings, there was pronounced differential sintering which was detected by 
linear shrinkage measured on samples cut from mouldings in three orthogonal directions. 
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In the case of the zirconia mouldings, the orthogonal shrinkages were identical within 
experimental error. These results are remarkably similar to results in other published 
work using different powders, binder systems, moulds and moulding conditions and with 
other work on the optical microscopy of particle alignment in an injection moulding 
sprue. The pattern of shrinkage anisotropy was correlated with the mould filling as 
deduced from short shots. These effects are attributed to shape anisotropy in the alumina 
and it is argued that mould filling produced preferred particle orientation throughout the 
mouldings. 
Differential sintering led to pronounced deformation in the mouldings. Existing cracks 
widened and new cracks appeared in bulk ceramics not showing cracks before sintering. 
However differential sintering could not unambiguously be identified as the origin of the 
cracking since the pre-existence of defects in the powder assembly on a microscopic 
scale is possible. 
4.11 Suggestions for future work 
It could be shown that the incidence of residual stresses which result from the 
solidification stage of the large section mouldings is significant for the creation of defects 
during binder removal and can safely be quoted one of the main problems in ceramic 
injection moulding of large sections. To address this problem the following work is 
suggested; 
i) A quantitative study of stress created during injection moulding; the objective of this 
work should be to explore the crucial factors creating residual stresses in mouldings. To 
augment the present work, quantitative values and stress distributions need to be 
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measured and the effect of moulding size and shape and variations in heat transfer 
conditions during cooling should be explored. Close attention should be drawn to the 
effect of moulding size on residual stress creation in the mouldings. This is particularly 
because the common practice of producing small ceramic components at high holding 
pressures (60-100 NVa) seems to be contradictory to the potential low hold pressure 
window (0.1 -1 NWa) found for the production of large section moulding in this work. A 
strong influence of moulding size on the stress distribution seems likely. 
ii) The appearance of cracking during binder removal displays the influence of the binder 
system. Anexperimental method ic measure the threshold of crack creation during 
binder removal could provide a quantitative value indicating the quality of a binder 
system. This would offer direct comparison of different ceramic or metal injection 
moulding suspensions. 
iii) Further the resistance of the injection moulding suspension to residual stress related 
cracking could be improved and this would lead to a widening for the processing 
window of ceramic components. 
Although the binder was removed from large mouldings without the creation of 
macroscopic defects, cracks developed during sintering. This is an effect which is 
associated with differential sintering caused by flow induced alignment of non-isotropic 
shaped particles. Thus for future work, it is strongly recommended to use isotropical-ly 
shaped or spherical particles. A Myti -ý -cn of the low hold pressure experiments using a 
injection moulding feedstock made from spherical particles may pm. -, I, I ýi in opportunity to 
create large section ceramic or metal injection mouldings. 
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Nomenclature 
a radius of a channel [m] 
b stoichometric factor 
C molar concentration [mol M-'] 
DAB diflusion coefficient of gas A in B [mýs-'j 
De 
effective diflusion coefficient [mýs-'] 
e porosity O<e<l 
i molar flux [mo I m7' s-'I 
K first order reaction rate [ms-] 
K, consistency coefficient related to a real fluid 
M molar mass [kgmol-1] 
n power law exponent 
PN partial pressure of nitric acid in the furnace [Pa] 
Q volumetric flow rate [mýs-'] 
r distance from the centre of a channel [m] 
t time [s] 
v fluid velocity [ms-1] 
x reaction depth [m] 
X reaction depth divided by plate half thickness 
11 viscosity [Pas] 
PS molar density [mol nf'] 
CTAB effective collision diameter [in] 
CTS 2 shrinking core reaction modulus [m7l] 
T reciprocal initial binder removal rate [sM-1] 
TS shear stress [Pa] 
mean free paths [m] 
shear rate [s-'] 
( 
